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PREFACE TO THE SECOND EDITION 


The purpose, plan, and scope of this treatise are given in the actxnn- 
panying preface to the first edition. 

This second edition, which represents a significant expansion of the 
first, contains twenty-six chapters, of which the following ei^t are new: 
the reactions of aliphatic hydrocarbons; synthetic polymers; catalytic 
hydrogenation and hydrogenolysis; oi^ganic sulfur compounds; aliphatic 
fluorides; the chemistiy of the porphyrins; chlorophyll; and the redis- 
tribution reaction. All the chapters carried over from the first edition 
have been revised. In some chapters the literature has been reviewed 
up to September, 1942. 

Corrections and suggestions will again be cordially welcomed. The 
editors are grateful to many friends for the examination of the mmiu- 
scripts. Particular thanks are due to Messrs. R. K. Abbott, R. W. 
Leeper, D. S. Melstrom, G. J. O’Donnell, S. M. Spata, J. R. Thirtie, and 
L. A. Woods. 

H. G. 

Ames, Iowa 
October, 194£ 




PREFACE TO THE FIRST EDITION 


Organic chemistry is richly endowed with excellent textbooks. 
However, there is a need for a general treatise of organic dienuBtiy suit- 
able for instruction at the graduate level. Such a book must focus 
attention upon new developments. At best, it can but serve the purpose 
of the moment and provide a point of departure for nneensiTig revision. 

The idea of a collaborative work by specialists in the several branches 
of the science was developed in 1934. Each author was asked to prepare 
a chapter dealing with a subject of particular interest to himself. It 
was hoped to obtain, in this way, an authoritative treatise which would 
cover most of the important phases of organic chemistry. The execu- 
tion of this plan has resulted in the present volumes. 

For the sake of convenience in revising and expanding the book, the 
rapidly developing fields of natural products, relationship between 
physical properti^ and chemical constitution, valence, and resonance 
have been grouped together in the second voltune. It is planned to 
revise both volumes at intervals, not only in order to bring tte present 
material up to date, but also to permit the inclusion of new chapters to 
fill the more conspicuous gaps. For example, chapters on polymeriza- 
tion and chlorophyll will be included in the next edition. Corrections 
and suggestions will be heartily welcomed. 

llie contents have been integrated and the accessibility of the 
information increased by cross references, by individual tables of con- 
tents for each chapter, and by a comprehensive subject index whidi is 
repeated in each of the two volumes. The inordinate wealth of Hie 
literature has made it necessary to restrict references, in general, to a 
relatively few selected original articles. Researches are cited, as a rule, 
by reference to the most recent publications; however, sufficient refer- 
ences to early work are given to provide an historical badEground. 
Occasional chapters, particularly those in the field of natural products, 
have abimdant citations to ori^nal articles, and should <be especudly 
useful to research workers. In some chapters the literature has been 
reviewed up to September, 1937. There is, in addition, occasion^ 
mention of work hitherto unpublished. The section Qenend References 
at the end ctf each chapter includes mention of some the more impor- 
tant review articles and books as a guide to coUateral raiding. 

▼ii 



via PREFACE TO THE FIRST EDITION 

The editors gratefully acknowlec^ the assistaaee of many friends in 
the examination of the manuscripts. Valuable aid was provided by the 
late Dr. W. H. Oarothers, who served on the Editorial Board. Special 
thanks are due to Drs. G. E. Hilbert, J. F. Nelson, P. T. Parker, A. M. 
Patterson, G. F. Wright, and Messrs. J. C. Bailie, R. L. Bebb, L. C. 
CJheney, E. J. Crane, W. Harber, A. L. Jacoby, and J. Swislowsky. 


Ames, Iowa 
December, 19S7 
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AMmO ACIDS FROM PROTEINS 

The term protein connotes an ill-defined group of complex nitrogenous 
organic substances which form an important part of animal and v^e- 
table tissues. The separation and characterisation of individual “idm- 
ple” proteins depend mainly on solubility relations, in accordance witli 
which they are classified as albumins, globulins, and so forth. All the 
simple proteins yield ammonia and mixtures of amino acids on hydrcSysm 
by acids, alkalies, or enzymes. “Conjugated” proteins also exist; tbese 
yield, besides amino acids, other products such as purines, pyrimidines, 
porph 3 rrins, carbohydrates (or their derivatives), lipoidal substances, 
and phosphoric acid. Invariably, however, the principal {soducts of 
hydrolysis consist of amino adds. 

The most convenient method of hydrolyds involves treatBient with 

1079 
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Iwt aqueous mineral acids. The action of hot alkalies, though it r^dily 
hringa about the desired hydrolysis, is less satirfactory, for during the 
process a notable proportion of the amino acids, which preexist in pure 
opticaDy active form, become racemized. This objection applies in a 
far less degree to acid hydrolysis. The action of proteolytic enzymes, 
tho\;^h offering the practical disadvantage of slow and often incomplete 
action, induces neither racemization nor decomposition of the more 
sensitive amino acids. 

In proteins the constituent amino acids are united by peptide link- 
ages ( — CO-NH — or, with the prolines (pp. 1118, 1120), — CO — N <), 
which on hydrolysis are opened \nth liberation of carboxyl and amino 
or imino groups. To follow the progress of hydrolysis, three methods 
are available: (1) titration of carboxyl groups, (2) titration of amino 
groups, (3) estimation of primary amino groups by treatment with ni- 
trous acid. In the first two, conditions are so selected that the titration 
end points are influenced only by the groups to be estimated; in the 
third, a specific reaction is involved. The principles underlying the vari- 
ous procedures will be discussed later. On completion of hydrolysis, 
the resulting amino acids may be separated into three broad classes, 
which depend upon the preponderatingly acidic, basic, or neutral char- 
acter of their members. 

The predominantly acidic group consists of the monoamino dicar- 
boxylic acids. These may be separated from the others by taking advan- 
tage either of the sparing solubility of their calcium or barium salts in 
aqueous alcohol, or of their selective tendency to migrate toward the 
poffltive pole when subjected in solution at suitable pH levels to the 
influence of an electric current. ‘ 

The members of the predominantly basic group, comprising the 
diamino monocarboxylic acids, are characterized by their precipitability 
with phosphotungstic acid and by their tendency to migrate towards the 
negative pole in neutral solution.* The essentially neutral monoamino 
monocarboxylic acids, which constitute the major portion of most pro- 
tem hydrolysates, differ from the members of the other groups * by 
the fact that they can be extracted from neutral solution by butyl 
alcohol.* The majority of the members of this group, though appre- 
oahly soluble in butyl alcohol saturated with water, are insoluble in 
the mibydrous alcohol. Two amino acids of protein origin (proline and 
hj^dloxyproline), however, are distinguished by their solubility in pure 

* Roster and Sdunidt, J. Biol. Chan., BC, 545 (1923). 

•Foster and Schmidt, J. Am. Chan. Soe., 48, 1709 (1928). 

* Hiatidine (p. 1151), in which the imidasole group posaesses extremely weakly baaio 
laSWertoea, lonna an exception aa it acoompaniea the monoaxnino monocarboxylic aeida. 

*Z}aklii, Biochan, J., U, 290 (1918) ; J. Biol. Chan., 44 , 499 (1920). 
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alcohols ; these also differ from all others in being not prinjaiy, but <grdte 
secondary amines. The group of "natural” monoamino mcmocarboxyiic 
acids also includes a few which may be separated by virtue of thdr low 
solubility in water. 

The following list, arranged on the bads of the above practical dassi- 
fication, enumerates the amino adds which have been demonstrated to 
be products of the hydrolysis of proteins.^ 

I. M<moamino Dicarboxylie Acids. 

Aspartic acid HOjO-CHi-CH(NHj)-COjH 

Glutamic acid HOjC-CHr-CHr-CH(NHs)-COtH 

Hydroxyglutamic acid HO,C-CHrCHOH-CH(NHj)-tX),H 

II. Basic Amino Adds. 

Arginine NHsC(=NH)-NH-CHH::Hi-CHrCH(NHj)-CO,H 
Lysine NHrCHr<3Hr-CHr-CHrC:H(NH.)-CO,H 
CH 

Histidine 

(i:H===<!;— CTr-CH(NH,)-CO.H 

III. Monoamino Monocarboxylic Acids. 

1. Extractable by wet butyl alcohol; readily soluble in water; insoluble in an* 
hydrous alcohols. 

Glycine CHj(NH,)-COjH 

Alanine CHr-CH(NHj)-CO,H 

Valine (CH,),CH-CH(NH,)-CO,H 


Glycine 

Alanine 

Valine 

Leucine 

Norleucine 

Isoleucine 

Phenylalanine 

Serine 

Threonine 

Cysteine 

Methionine 

Tryptophan 


(CH,),CH-CHrCH(NH.)-CO,H 

CHrCHr-CHr-CHr-CH(NH,)-CO,H 

CHr-CHj-CH(CH,)-CH(NH.)-COJi 

CJI,-CHr^H(NH,)-COiH 

CH:OH-CH(NHj)-CO.H 

CHr-OHOH—CH (NH 0“CO jH 

CH,(SH)-CH(NH.)-OOjH 

CH,(SCH,)-CHr<3H(NH0-CO,H 

— C-CHr-CH(NH,)-COJB[ 


2. Sparingly soluble in water. 


Tyrosine 


Diiodotyrosine 


Thyroxine 


Cystine 


10 ^ ^ CHr-CH(NH0-CO.H 
I 

IO^^^^CHr-CH(NH,)-CO.H 
I I 


Hr-CH(NH0-CO.H 


[-S-CHr<ni(NHO-CO»H], 


*\^ekeiy and Schmidt, Chem. Sm., t, 169 (1931). 
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3. MuV^ i» alooholB. 

CHf-CHi 
<!», (iH-CO,H 

CHOH-CH, 

Hydro^roline 

In addition to the above compounds of protein origin, certain other 
amino adds have been isolated from natural sources. Some of these 
mil be discussed later. 

The inclusion of cysteine in the above list is unconventional, as 
during the customary processes of isolation the sulfhydryl becomes oxi- 
dized to the disulfide, so that cysteine finally appears as cystine. The 
unquestionable presence of sulfhydryl groups in many proteins,® how- 
ever, points to the probability of the existence of cysteine as a component 
amino acid. 

The character, both physical and chemical, of proteins and peptides 
is largely determined by the nature and relative abundance of the various 
types of constituent amino acids. The polypeptides synthesized by 
Fischer contained only monoamino monooarboxylic acids, and the only 
free acidic and basic groups present were those terminating the peptide 
chain. Proteins and natural polypeptides contain polar groups, situ- 
ated at the uncombined ends of the add and basic amino adds distributed 
throughout the molecule; the properties of the proteins represent a re- 
sultant of the individual and mutual effects of these. 

By acid hydrolysis, proteins yield considerable amounts of ammonia. 
There is reason to believe that this is derived from acid amide groups 
associated with the combined dicarboxylic acids, semi-amides of which 
have been isolated from the products of enzymatic hydrolysis of proteins. 

Separation of the individual members of the first and second groups 
is effected by special methods involving selective precipitation of salts 
formed with metals or with acids. The quantitative aspects of these 
separations have been most completely developed for the basic amino 
acids (p. 1138). The separation of the relatively simple monoamino 
moBocarboxylic acids is rendered particularly difiicult by the familial 
similarity of members of homologous series, and it has not yet been found 
poadble to develop quantitatively reliable methods for all. The original 
proeedure of Fischer, fractional distillation of the ethyl esters under 
reduced pressure, involves notable leases due to formation of diketopiper- 
azifltes.® Attempts have been made to avoid thia difficulty by acylation 

"Mirtky and Anson, J. Oen. Phyaiol., 18, 307 (1036). 

Ber., Si, 433 (1001) ; Z, yhysM. Chem., 38, 151 (1901) ; Foreman, Bioehm. 

IS. 378 (1010). 
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of the esters before fractionation,^ but these modifications await der^op- 
ment to a state of practical utility. 

Partial separation of the amino acids of a protein hydrolysate can be 
effected by taking advantage of the differential solubilities of coppw 
salts in water and in methyl alcohol.® 

Advantage can also be taken * of the constancy the solubility 
product of sparingly soluble salts of amino acids and oertun strong adds 
in order to determine the amoimts of the former in protein hydrolysates. 
For this purpose, complexes, such as potassiiun trioxalatochromiate,®^ 
sodium dioxpyridate,“ or ammonium rhodanilate,^ which precipitate 
specific amino acids, or simple aromatic sulfonic acids “ which yield 
suitable salts with a wide variety of amino acids, offer special promise. 

The nutritional significance of the individual amino acids has recdved 
much study. It has long been known that rats from whose dietary pro- 
tein certain amino acids were absent failed to grow normally until the 
missing compound was added to the ration as a supplement. Until 1935 
such experimentation was hampered by the fact that normal growth 
could not be maintained on diets in which proteins were entirely replaced 
by pure amino acids. This was made possible, however, by the isolation 
of threonine by Rose, and his recognition of its importance as an indis- 
pensable dietary component. As a result of experiments with diets con- 
taining carbohydrates, fats, inorganic salts, glucosamine, vitamms, and 
various mixtures of amino acids. Rose ** was able to establish the follow- 
ing classification of the amino acids according to their growth ^ects <ni 
immature albino rats: 


Indispensablb 

Dispensable 

Arginine 

Aspartic 

Lysine 

Glutamic 

Histidine 

Hydroxyglutamic 

Valine 

Glycine 

Leucine 

Alanine 

leoleucine 

Norleudne 

Phenylalanine 

Serine 

Threonine 

Cystiim 

Methionine 

Tyrosine 

Tryptophan 

Proline 

Hydroxyproline 


' CherbuUei and coUaborstors, Bth. Chim. Aela, IS, 317 (1920) ; IS, 1380 (1930). 

* Town, Bioekem. J., SS, 1083 (1928) ; Brazier, ibid., S4, 1188 (1930). 

* Bersmann and Stein, J. Biol. Chem., 1S8, 217 (1939). 

Bergmann and Niemann, ibid., tSS, 377 (1938). 

Bergmann, ibid., ISS, 669 (1938). 

» Bergmann, Md., 110, 471 (1936). 

Bergmann and Stein, ibid., 139, 609 (1939). 

** Doherty, Stein, and Bergmann, ibid., 136, 487 (1940). 

*»Ro8e. Phi/aM. Bm., 18, 109 (1938). 
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The mdispeosable amioo acids, listed above, fall into two further 
cat^ri@s, namely, those of which only the stereochemically natural 
(p. 1085) varieties meet the needs of growth, and those of which either 
E|>atial form fulfills growth requirements: 


Only Natoral Vaeiett 
Fbomoteb Growth 
Lysine 
Valine 
Leucine 
Isoleucine 
Threonine 


EfTHBR CoNriOURATIONAL 
VARntrr Frouotss Growth 
Histidine 
Phenylalanine 
Methionine 
Tryptophan 


Information relative to the unnatural variety of arginine is not yet 
available. The natural form appears to be ssmthesized in the body, but 
at too slow a rate to support growth. 

It has also been found that the nutritional effect of the indispensable 
amino acids of the second class can be secured not only with the un- 
natural varieties but with certain N-acyl derivatives and a-hydroxy acids 
configurationally related to the natural amino acids, and with the corre- 
sponding a-keto acids. These relations, outlined for tryptophan on 
p. 1162, indicate that in such instances the essential portion of the mole- 
cule, i.e., that not synthesized in the animal organism, is that represented 
by the group R in the general formula RCH(NH2)C02H. On the other 
hand, the a-amino grouping may be synthesized by normal metabolic 
processes from a-keto or other groupings (c/. pp. 1102, 1106) at a rate 
sufficient for the needs of the growing animal. 

It seems probable that similar biochemical changes also proceed with 
the indispensable amino acids of the first class, though at rates too slow 
for growth requirements. Leucine of unnatural configuration is rapidly 
converted, in adult rats, into the natural variety. This has been demon- 
strated by the administration of “unnatural” leucine containing deu- 
terium in the alkyl group and “heavy” nitrogen in the amino group; the 
leudne then isolated from the tissue proteins consists entirely of the 
natural variety and contains deuterium but practically no heavy nitro- 
gen. However, after the administration of the corresponding isotopically 
labeled natural leudne, the tissue leucine contains both isotopes, the ratio 
of^which indicates that only a minor proportion of the nitrogen had 
b^iome detached in the process.^ 

Sdioehheimer, Ratner, and Rittenberg, J. Biol. Chem., ISO, 703 (1939); Ratner, 
Stdioenhamn, and Rittenberg, tbid., tSi, 063 (1940). 
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GEIIERAL PROPERTIES AND REACTIONS OF NATURAL 
AMINO ACmS 

With the exception of proline and hydroxyproline, all the amino 
acids isolated from protein hydrolysates contain a primary amino group 
in the a position to the carboxyl. The exceptions may be regarded 
also as o-amino acids in which the amino group is involved in ring for- 
mation; however, as may be judged from the solubility of proline in 
alcohol, this departure from the common form has a marked effect on 
physical as well as chemical properties. 

With the exception of glycine, which contains no center of asymme- 
try, all the amino acids of protein origin occur in optically active form. 
The sign of rotation by which they are distinguished is conveniently that 
observed in hydrochloric acid solution; an amino acid which rotates to 
the left when dissolved in four or more equivalents of acid is stated to be 
the levorotatory or (— ) variety, and vice versa. 

Among the amino acids of protein ori^ some are dextrorotatory and 
some are levorotatory, but evidence is accumulating that all possess the 
same spatial configuration. From approximately quantitative regulari- 
ties in the molecular rotatory powers of corresponding derivatives of 
lactic acid and alanine, Freudenberg and his collaborators have con- 
cluded ” that natural alanine possesses the same configuration as 
lactic acid. Analogoixs displacements of rotation are observed when 
groups (R) combined with the acid radical are varied in compounds con- 
taining the same substituents (R') on the amino and the hydroxyl group, 
respectively. 

CH, CHa 

I 1 

H— C— NHR' H— C— OR' 

I I 

CO-R CO-R 

Similarly, the introduction of various acyl groups into natural leucine* 
and valine and their esters causes parallel changes in optical rotation.** 

More direct evidence for the identity of the configurations of two 
“natural” amino acids has been secured by Barrow and Ferguson.** If 
two optically active compounds Cabcx and Cabcy, having the same con- 
figuration, each be converted into Qcbxy by replacement of a common 
group c by y and x, respectively, the respective products, provided that 
no Walden inversion has occurred, will possess opposite configurations. 

** Freudenberg and collaborators, Ber., St, 1547 (1024); Ann., SIS, 86 (1935). 

*' Earrer and Veer, Belt. Ckim. iota, IS, 746 (1032). 

** Bartow and Ferguaon, J. Chen. Soc., 410 (1936). 
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X X 

I 1 

a — C — b —* a — C — b 

I 1 

c y 

f I 

flr— C b O— 

I I 

c X 

This principle has been applied to the natural, deactrorotatoiy forms of 
alanine and valine. 


CH, CH, 

H— C— NH, H— C— NH, 

1 1 

COjH C(CH,),OH 

t(4.)-Alaiune 


CH, CH, 

I I 

H— C— NH* -> H— C— NH, 

I I 

C(CH,),C1 CH(CH,), 

( — 

isobutyUmine 


CH(CH,), 

I 

H-C— NH, 

I 

CO,H 


CH(CH,), 
H — C — ^NH, 

I 

COiAH, 


K+)-Vdine 


CH(CH,)s 


^ H-C— NH, 


CH,OH 


CH(CH,), 

I 

->• H— C— NH, 

I 

CH, 

(+)-a-Methyl- 

iBobutylamine 


The ot-methylisobutylamine from the natural alanine formed a levorota- 
tory hydrochloride; that from the valine \faa found to be dextrorotatory. 
During the syntheses some loss of activity occurred in each case, but 
^ce none of the atoms directly attached to the asymmetric carbon 
atoms was replaced during the processes, Walden inversions (p. 264) 
» were not to be anticipated. Natural alanine and valine therefore possess 
the same configuration. 

iSie rotatory power of an amino acid Is often entirely different in neu- 
tral, acid, and alkaline solution. With the natural compounds the values 
pass through a negative maximiim at the isoelectric point and invariably 
bMome less levo- (or more dextro-) rotatory with increasing molar pro- 
portions of mther alkali or add.® The reverse holds for the unnatural 
varieties. 


"Wood, J. Chem. Soe., 105, 1088 (1014) ; aough, tMd, lOT, 1600 (1016) ; Levwio uid 
collaborators, J . Biol. Chem., 81, 687 (1920) ; Luts and Jirgenaons, Ber., 68, 448 (1930) ; 
•4, 1221 (1031). 
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Natural amino acids of protein origin are according^ bdieved to pos* 
sees universally the same configuration as l(+)*Iactic a^, and Hus iq)a* 
tial relationship is expressed by the use of the prefix U, which is employed 
without re^urd to the direction of the observed rotation. The latter is 
indicated by the sign (+) or (— ). 


COJH 

I 

HO-C-H 

I 

CH, 

K4‘)*Laotio add 


COiH CH, 

I 1 

- H-C-NH, 

I I 

CH, CO,H 

Z(+}*Alaziine 


C4H, 

I 

H-C-NH, 

I 

COjH 

IC— )-L«aciiie 


The solubility relations of the simple a-amino monocarboxylic acids 
have been subjected to a critical study by Cohn and his collaborators.** 
With increasing length of chain, the solubility in water decreases n-nd the 
solubility in aqueous alcohol increases. In the homologous series, the 
difference between the logarithms of the solubility ratios for water «.nd 
for absolute alcohol decreases by a constant amount for each nd dit io naf 
methylene group. The substantial insolubility of amino acids, in gen- 
eral, in absolute alcohol and other organic liquids reflects the charged 
condition of the molecule. In alcohol-water systems containing umall 
proportions of alcohol the logarithm of the molar solubility diminishes 
inversely as the dielectric constant. The effect of inorganic salts, and 
the mutual effect of different amino acids, present in the same solution, 
upon their individual solubilities are ascribable to their influence upon 
the dielectric constant of the solvent. 

For every amino acid there is a definite value of pH at which it 
fails to migrate in solution to either pole when subjected to an electric 
current. This value, termed the isoelectric point, is that at which the 
molecule as a whole carries no unbalanced positive or negative charge. 
The isoelectric point coincides with the point of minimum solubility. 

According to the modem theory,** an aliphatic amino acid in solution 
at its isoelectric point exists in its most highly charged condition witii 
respect to its acidic and baac groups alike. This tiieoiy alone explains, 
for example, the effect of formaldehyde on the titration curves of amino 
acids. Addition of increasing amounts of formaldehyde to a solution of 
glycine causes a downward displacement of the curve in the re^mi of 
higher pH but no change in that of lower pH ; a similar effect is observed 
with ammonium acetate. Since, according to generally aco^ted views, 
tile effect of the addition of alkali to ammonium salts is the suppreesion 

•' Cohn, McMeokin, Edsall, and Weara, J. Am. Chan. Bop., SS, 2270 (1934). 

** Bierrum, Z. phytik. Chan., 104 , 147 (1923) ; Harria, Biotitan. J., M, 1080 (1981^ < 
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basic iomzation, it follows that in ^dne, as in ammonium acetate, 
the upper portion of the titration curve relates to the bade function. In 
each case, therefore, the formaldehyde similarly suppresses the dissocia- 
tion of the basic groups. With amino adds containing more than one 
nminn group (e.g., lysine) the number of constituent curves characteristi- 
cally shifted by addition of formaldehyde is equal to the number of basic 
groups present in the amino add molecule; conversely, with monoamino 
dicarboxylic acids (e.g., aspartic acid) only one segment of the original 
titration curve is displaced, the two attributable to the carboxyl groups 
remaining imaltered. On the other hand, formaldehyde brings about 
little or no displacement in the upper (higher pH) portion of the titra- 
tion curve of p-aminobenzoic acid, from which it is concluded that the 
aromatic amino group is only slightly dissociated. 

Aliphatic amino acids are therefore regarded as existing, in aqueous 
solution, largely in the form of molecules containing both positive and 
negative charges. 

NH,+-CHR-COr 

Such molecules, the net charge of which is zero at the isoelectric point, 
have received the infelicitous name “Zwitterion” (from the German word 
Zwitter, meaning hermaphrodite). The expression “dipolar ion" is more 
acceptable to the linguistically sensitive than the hybrid term currently 
employed. 

A solution of any given amino add in pure water has not necessarily 
the pH corresponding to the isoelectric point of the amino acid; this 
would be true only if the acid and basic functions had exactly the same 
tendency to assume the charged condition. In the simple a-amino acids, 
the carboxyl groups have a slightly greater tendency to part with their 
protons than the amino groups to accept them; as a result the hydrogen- 
ion concentration of their solutions is higher than that of water, but not 
suffidently high to bring the total number of positive and negative 
charges on all the amino acid molecules into exact balance. This condi- 
tion can be reached only by the addition to the solution of more hydrogen 
ions in the form of some acid. For the monoamino monocarboxylic adds, 
the isoelectric points of which lie at approximately pH = 6, the discrep- 
ancy between the pH value of pure aqueous solutions and isoelectric 
point is but slight; it is much greater, of course, with the monoamino 
dicarboxylic adds. Conversely, the isoelectric point of the diamino 
monocarboxylic adds lies above pH = 7, and hydroxyl ions (in the form 
of alkali) must be added to their pure solutions to render them isoelectric. 

Addition of increadng amounts of mineral add to a solution of an 
amii^o add causes the suppression of the negative charge, until finally 
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the equilibrium mixture contains the amino arid in its purely cationic 
form. 

NH,+-CHR-CX)2- + H+?:± NH,+-CHR-COsH 


Addition of alkali causes the suppression of the posirive charge, vnth 
production of the anionic form. 

NH 3 +-CHR-CO 2 - + OH- :i± NH*-CHR-CO*- + HjO 


The equilibria involved at different pH levels are illustrated by the 
case, discussed by Cohn in his admirable review,** of the monoamino 
dicarboxylic acids. 


nhJ-r' 


,C0jH 




CO,H 


NH,-R 


^CO,H 


^CO»H 

/CO7 


tH*+NH,-R‘ 


/ 


co: 


\ 


11 


COjH 


/ 


.COj- 




pH=2 


CO2H 

pH=4 


CO*~ 


SH*+NH,-R' 


/ 


COJ 


^co; 


pH=9.6 


That amino acids in their isoelectric range exist mainly in the dipolar 
ionic form is indicated by their Raman spectra.** Fatty acids in aqueous 
solution (in which they are but weakly ionized) exhibit a line at about 
1720 cm.~^ characteristic of the carbonyl group; on the addition of suf- 
ficient alkali to cause almost complete ionization, this line vanishes. 
Amino acids fail to exhibit a line at this frequency, but do so when con- 
verted into their hydrochlorides. Conversely, free primary amines show 
strong Raman lines between 3300 and 3400 cm.“*; lines in this re^on 
are not displayed by amino acids in their isoelectric zone, but appear on 
the addition of alkali. Similar conclusions may be drawn from the be- 
havior of amino acids towards water containing isotopic oxygen (HaO**). 
In this medium, simple carboxylic acids acquire “heavy” oxygen atoms 
at pH 1, but do not so exchange when in the form of their potassium salts; 
glycine fails to exchange at pH 7, but does so at pH 1.9.“ The produc- 
tion of betaines from ethereal diazomethane with solid amino acids also 
points to their existence in dipolar ionic form; ** in most cases the simul- 
taneous production of amino arid methyl ester demonstrates the presence 

** Cohn. BrgA. Physiol., SS, 781 (1931). 

*< EdsnU, J. Chom. Phys., 4, 1 (1936) ; I. 223 (1937). 

>• Mean, ibid., «, 296 (1938). 

M jcuhn and Biyddwna, Ber., 70, 1833 (1937). 


^ 
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of some of the uncharged fonn. Only the ester is fcinaed from compounds 
Bke anthranilio add in ^oh the amino group is inherency of weakly 
^idc character. 

ISpolar ions possess a large electric moment,” particularly those of 
lydne uid arginine, which exist in solution largely in the form of ions con- 
taining positive and negative charges at oppodte ends of relatively long 
ffhftiTiH Dicarboxylic amino acids, in isoelectric solution, exist mainly 
as less polar ions, resembling those of the simple ce-amino acids, for their 
terminal carboxyl groups are less H^y dissodated than these contigu- 
ous to the amino group. In solvents of low dielectric constant, such as 
Wper cent alcohol, the concentration of highly polar ions is smaller, and 
that of imcharged molecules greater, than in water. For this reason it is 
possible, by the use of suitable indicators, to titrate independently either 
the addic ** or the basic *• function of amino adds in aqueous alcohol, 
acetone, or dioxan solution. 

The basic groups of amino adds can be quantitatively titrated in 
gladal acetic acid solution with perchloric acid in the same solvent.*^ 
The titration may be carried out either potentiometrically by the method 
of Hall and Conant,** or with the aid of a suitable indicator such as 
crystal violet.** The amino group behaves as a strong base, as in all 
aliphatic amines,** while the dissociation of the carboxyl group is com- 
pletely suppressed by the solvent. 

The dipolar character of the amino adds is reflected in their relative 
infuedbility and low volatility. When strongly heated, they melt with 
profound deoompodtion ** at temperatures well above 200°; some show a 
tendency to subUme below the decomposition point.** 

%noe the negative character of the carboxyl group is suppressed by 
esterification, the amino add esters are far more volatile than the amino 
adds. On distillation, they undergo some condensation with loss of alco- 
hol. This reaction occurs more reachiy with the methyl and ethyl esters 

RCHNH, RCH-NH-CO 
2 1 -* 1 -i-2C»HsOH 

COiCjHi CO-NH-CHR 

*' Ediall and Blandiard, J. Am. Chan, See., S5, 2337 (1933). 

"Ftweman, Bioehan. J., 14, 461 (1920) ; SS, 20S, 222 (1928). 

** SUnderstrdm-Lang, Z. jAyeiai, Chan., ITS, 32; 1T4, 276 (19%). 

'*)P( 90 'vici and RwluleMU, BvU. toe. shim. 6io2., M, 73 (1938). 

Bioehan. M, 2820 (1986); /. BM. Chao., 84, 296 (1929) ; Nadeau and 
Braaohen, J. Am. Chan. Soe., 87, 1363 (1%6). 

** HaU and Conant, ibid., 49, 3047 (1927). 

” Conant and ooUaborators, HM., 49, 3062 (1927) ; Bt. 4436 (1930). 

*«HaU and ooUaboratora, ibid., 60, 2367 (1928); 88, 6116 (1080). 

**X>unn and Bropfay, J. Biol. Chan., 09, 221 (1932). 

•• Browii, Trme. Soy. Soe. Can., Sect, HI, 16. 173 (1932) {CJL., 87, 1617 (1938)1. 
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than with esters of higher alcohols such as butyl.*^ Analogous oandeiu»- 
tions take place with loss of water, when amino adds are heated alone, or 
better, in die presence of /3-n£^hthoL“ 

Another type of decomposition which occurs onheadngisdecarbfflQda* 
tion.“ 

RCHNH, 

I -» RCHiNHi + COi ^ 

COjH 

This reaction takes place more readily in the presence of torium hydrmc> 
ide or diphenylamine." It also occurs when solutions of amino adds are 
exposed to the action of putrefactive organisms. Several of the amines 
so produced from natural amino acids are pharmacologically active; their 
formation in the lower intestine may be responsible for some forms oi 
auto-intoxication. 

The usual functions of the carboxyl group in an amino add are evi> 
dent only under conditions in which the negative charge is suppieraed. 
On treatment with alcohols, esterification takes place only in the presence 
of an equivalent amount of a min eral add, sudi as hydrogen chloride.^ 
Amides are formed with great difficulty by heating amino adds with 
alcoholic ammonia; ^ they ate somewhat more readily produced by the 
action of alcoholic " or anhydrous ** ammonia upon amino add esters. 
Chlorides of amino acids are capable of existing only in the form of salts, 
such as the hydrochloride. These have been prepared by treating a sos- 
p^ision of the amino add in acetyl chloride with phosphorus pentar 
chloride." Esters of amino adds are reduced to the corresponding alde- 
hydes by sodium amalgam." 

o-Amino adds can, imder suitable conditions, be made to undergo all 
the chemical reactions common to aliphatic primary amines. By the 
action of nitrous acid, for instance, they are converted into the corre- 
sponding hydroxy adds, with liberation of nitrogen. 

RCHNH, RCHOH 

I + HNO, ^ 1 + N, + Hrf) 

CO,H CO,H 


Morgan, J. Chem. Soc., 79 (1026). 

" LichtoDstein, J. .Am. Chem. Soc., 60, 660 (1938). 

** C^boura, Arm., 100, 10 (1860) ; Sciuilse and Barbieii, Ber„ 14, 1786 (1881) ; 16, 
1711 (1883); Erlenineyer and Lipp, Arm., tlO, 161 (1883). 

^ Johnson and Daschavsky, J. Biol. Chem., 68, 726 (1926) ; Abderhalden and Qebeleixk, 
Z. phgnol. Chem., 181, 126 (1026). 

Curtins and Qoebel, J. prakL Chem., [2] 87, 150 (1888). 

“Heints, Arrrv., 160, 67 (1869). 

** Franohimont and Friedmann, Ree. Iran. cMm., 88 , 76 (1906). 

" Koenigs and Mylo, Ber., 41, 4427 (1908). 

Fischer, Ber., 88, 606, 2014 (1906). 

" Neuberg, Ber., 41, 966 (1908) ; Fiwiher, Ber., 41. 1010 (1908). 
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TtwH reaction forms the basis of a valuable analytical method " for the 
estimation of primary amino groups in amino acids, peptides, or proteins. 
It takes place quantitatively and rapidly by the action of acetic acid and 
80(Hum nitrite in excess ; the nitric oxide which is simultaneously evolved 
by the reagents is removed by means of alkaline permanganate. Add 
amide groups as a rule 3deld no nitrogen unless mineral acids are present, 
and ammonium salts btiffered with sodium acetate react only very slowly. 
This reaction serves also to differentiate primary amines from the second- 
ary variety (as in proline), from which no nitrogen is evolved. The 
guanidino group, which occurs in arginine, likewise yields no nitrogen 
unless mineral acid is present. 

Comparable analytical results can be secured by treating alkaline 
solutions of amino acids and peptides with copper phosphate; the 
amount of copper taken into solution (as a complex of the ammine type) 
furnishes a measure of the amount of amino nitrogen present.® Proline 
and hydroxyproline, which yield no nitrogen on treatment with nitrous 
acid, respond to this procedure. 

Acylation and similar processes are the meat efficiently performed 
when the amino acid is in solution or in the form of a metallic salt. It 
seems probable that such reactions take place with amino groups only 
in their uncharged form, for it has been shown that in the solid state 
amipo acids exist almost entirely in the form of electrically charged 
dipoles.® In simple aqueous solution the proportion of uncharged amino 
groups in equilibrium with the positively charged ionic groups is sufficient 
to pormit acylation reactions to proceed at a slow rate; in the presence 
of added alkali this proportion is greatly increased, and acylation is facili- 
tated. The principle is illustrated by the need for alkaline conditions 
during the introduction of phenylureido,® arylsulfonyl, or benzoyl groups 
into amino acids." 

NH,+-CHR-COr -H OH- NHj-CHR-CO*- + HjO 
NHr-CHR-CO*- + ArNCO -» ArNH-CO-NH-CHR-COi' 

In th^ procedures, only one such group is introduced; however, on 
treatment with methanesulfonyl chloride and alkali, amino acids are 
converted into mono- and di-N-methanesulfonyl derivatives, which are 
soluble in organic liquids and relatively stable towards aqueous acids and 
alkalies.® 

®Vaa Slyke, /. Siol. Chem., tS.'ZTS (1912), 

**Pope and Stevena, Biochem, J., 8S, 1070 (1939). 

"Cohn, .4nn. Rev. Biochem., 4 , 93 (1935). 

"Paal, Ber., t7, 974 (1894) ; Neuberg and Manaaae, Ber., 88, 2369 (1906), 

« Baum, Z. jAytioI. Chem., 9, 466 (1886) ; Fisohar, Ber., 88, 2461 (1899) ; Fiadwr and 
Berwai, Ber., 88, 3^0 (1902), 

MRelfwich and Orfinert, Am., 848 , 178 (1940). 
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Acetylation of natural amino acids leads, imder (wtain conditions, 
to loss of optical activity. When the reaction is carried out in cold acetic 
acid or in alkaline solutions by means of the theoretically necessary 
amount of acetic anhydride, optically active acetamino acids are pro- 
duced. 

RCHNH* RCHNHCOCH, 

1 + (CH,C0),0 I + CHrf30*H 

CO,H CO»H 

These are, however, racemized by heating in acetic acid solution with 
small quantities of acetic anhydride, and wth large amounts they are 
converted into inactive azlactones.®* Not only is this form of racemiza- 
tion brought about by acetic anhydride, but it takes place even more 
rapidly by the agency of other azlactones.*^ Equilibria of the types prob- 

RCHNHCOR' RCH-N=CR' 

1 + (CH,CO)sO 1 I + 2CH,CO*H 

CO,H CO O 

RCHNH-COR' R"CH-N==CR' RCH-N=CR' R-CHNHCOR' 

I +1 1^1 I + I 

COsH CO 0 CO 0 CO*H 

ably occur, in which the racemization takes place with the intermediary 
azlactones. 

On the other hand, when an optically active amino acid is treated 
with excess of acetic anhydride in the presence of ammonium thiocya- 
nate, an optically active acetyl thiohydantoin results.® The formation 
of this type of compound is presumably due to a reaction more rapid than 
the racemization of the azlactone,® and is analogous to the reaction be- 

RCH-N=CCH, RCH-NHCOCH, RCH NCOCH, 

1 I -I- HSCN I 1 I 

CO 0 CONCS OC-NH-CS 

tween azlactones and hydrogen chloride.” 

C6HsC==N-CHR CjHsCO-NHCHR 

I I -h HQ I 

0 CO COCl 

Although acetyl group can be introduced without racemizatirm by 
the action of acetic anhydride in excess upon primary amino acids dis- 

" Bm ynMin and Zervaa. Bioehem, Z., SOS, 280 (1928). 

** Carter and Stevens, J. Biol. Chom.^ 133, 117 (1910). 

•* Csonka and Miecdet, HM.. 93. 213 (1932). 

•* Johnson and Soott, J. Am. Chmn. 8oe., M, 1136 (1913). 

» Mohr, Bsr., «S. 2321 (1909) ; /. pnkt. Chtm., [2] 81. 49. 473; £2] 88, 332 (1910). 
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adved in boiling water,” the sune reactian carried out in tiM ineseaee of 
sodium acetate at 35-40° leads to a emndetely raoemized aoetamino 
acid.” On the other hand, under these conditions the secondary amino 
add proline is acetylated without racemization. 

Hydantoins of natural amino adds are rapidly racemized in cold solu- 
tion by traces of alkali.® The raeemization, which does not occur with 
the corresponding hydantoic adds or with hydantoins of the type is 

R' 

I 

R— C“-— NHv 

I }CO 
CO-NH/ 


ascribed to the ionization of the hydrogen atom attached to the asym- 
metric carbon atom, to which activating groups are linked.® Introduc- 
tion of a phenyl group at position 3 of the hydantoin ring 



increases the rate of raeemization by small quantities of alkali, and a 
similar, though smaller, effect occurs when a methyl group is introduced 
at podtion 1. As these substitutions prevent ^olization at these posi- 
tions, and thereby inhibit any conjugation with enolic unsaturation 
%etwe^ positions 4 and 5, it is concluded that raeemization (»nnot be 
due exdusively to enolization. 

When primary of-antino adds are wanned with acetic anhydride in the 
presmee of pyridine,” methyl acetaminoalkyl ketones are produced. 


/NH* /NHCOCH, 

RCHC + (CH»C0),0 RCH< -|- CO* 

x:0,H XXX3H, 


Under the same conditions proline and N-alkylamino adds are merely 
acetylated, and no corresponding ketone is formed from a-amino-o- 
phenylpropimiic add. 

" Btfir and Clarke, J. Am. Chen. 8oe., B4, 1530 (1032). 

** dtt Vigneaud and Meyer, J. Biol. Chen., 08, 206; M, 143 (1032). 

** Daldn, Am. Chen. J., 44, 48 (1010). 

Boraniiok and Clarke, J. An. Chem. 8oc., 60, 2420 (1036). 

” Levene and Steiger, /.«(rf.Ckem., 24,080 (1037); 70,06(1028); Dakiaand Weat, 
Odd,. 71. 91. 767 (1938). 
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On treatment \dth a boiling sohitioa of urea, o-amino adds yidd the 
corresponding hydantdc adds.** 

NHrfX>NH» + NHiCHR-COjH -♦ NH*CONH-CHE-COjH + NH,] 

During the process racemization takes place. This may be avoided by 
the use of potassium cyanate." 

KCNO + NH»CHR-COsH NH,CONH-CHK-COjK 

The resulting hydantoic adds readily undergo ring closure to the hydan- 
toins on boiling with hydrochloric add, 

NH-CHR-CO,H NH-CHR-CO 

I I I + H,0 

CONH, O) NH 

a reaction which would proceed in the reverse direction if the reacting 
groups were not held near to each other by a connecting chain. 

The introduction of acyl or ureido groups abolishes the amphotmo 
character of amino adds; the products are soluble in non-polar organic 
liquids, and are suitable derivatives for identification. 

When carbon dioxide is passed into alkaline solutions of amino adds, 
salts of corresponding carbamino adds are produced.** 

RCH-COj- RCH-CO,-- 

I + CX>, + OH- I + Hrf> 

NH, NH-CO,~ 

The calcium and barium salts are sparingly soluble in dilute alcohol; 
in boiling water they break down into the amino odds and metal car- 
bonate. An attempt has been made ** to exploit the differences in solu- 
bility of the barium salts of the carbamino acids for the systematic sepa- 
ration of the products of protein hydrolysis. 

Basic mercury salts of carbcunino adds are formed when mercuric 
acetate is added to solutions of amino acids made — and maintained — 
alkaline with sodiiun carbonate.** 

RCH-<;0,H R-CH-OOiNa RCH-C<V 

I + NaiCO, I -^1 >Hg-HgO 

NH, NHCXWJa NH-CJO,/ 

In most instances these salts are nearly quantitativdy predifitated on 
the addition of alcohoL 

•> Lippidi, Ber., S9, 2S63 (1906) ; 41, 2974 (1908). 

** Sic«fried aad ooUabontora. Z. phynol Chem., 44, 86 (1906) ; 46, 401 (1906) ; K 423 
(1908); 66,296(1910); 61,260(1912); £«r., 69, 897 (1906) ; St«dieMMlO’Bri«B./.J!Kol. 
Chan., lU, 723 (1936). 

** Soluyvar ooUaboratora, Biodum, V., 16, 636 (1921) ; 36, 1070 (192^. 

•* Neuberg and Knb, Biodum. Z., 46, 498 (1912). 
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Ammo acids are converted into the corresponding guanidino adds 
1^ treatment with 0-methy lisourea,*^ or S-methylisothiourea. 

NH NH 

II il 

CH,OC + NHj-CHR-COj- CH,OH + C— NH-CHR-COj" 

I I 

NHi NH| 

Reference has already been made (p. 1087) to the use of formaldehyde 
in the titration of amino acids. Sorensen,** who developed the process as 
an analytical method, ascribed the suppression of the basic functions of 
the amino group to the establishment of an equilibrium involving meth- 
ylene compounds of the type formulated by Schiff. 

CH,0 + NHr<!HR-CO,- -» CH*=N-CHR-COj- -|- H*0 

However, the reaction appears to be more complicated. Metallic salts 
of such condensation products have been prepared which contain the 
elements of one or more additional molecules of water or formaldehyde,® 
so that it seems probable that in solution an equilibrimn exists between 
the methylene, methylol, dimethylol, and more complex forms. On the 
other hand, dete rmin ation of the equilibrium constant of the reaction 
between amino acids and formaldehyde ” points to the formation, over 
the range pH 8 to 10, of equimolar compounds only. 

CH,0 + NHr-CHR-CO,- + OH" ^ -OCHr-NH-CHR-COr + HjO 

Studies of titration curves ” of amino acids with increasing concen- 
trations of formaldehyde indicate the formation of dimethylol derivatives 

CHjO + HsN-CHR-COr ^ CH*OH-NH-CHR-CO,- 
CHjO + CH,OH-NH-CHR-COt- ^ (CH*OH)*K-CHR-CO,- 

in which the basic properties of the nitrogen are suppressed to the 
point at wluch they are no longer discernible in the titration. Proline, 
which is itHsopable of forming a Schiff base or a dimethylol derivative, 
exhibits appreciable basic dissociation in the presence of even a large 
excess of formaldehyde. 

When heated in acid solution with formaldehyde, amino acids [with 
the exception of glycine, which is converted into methylene diglycine, 

** Efipfliaiiuim Bnd MQUer, Z. phytiol. Chem., S8S, 1 (1934). 

“ Sftraasen, Biochetn. Z., 7, 45 (1907). 

“ I^aaaeii mui FeUmw, J. prakt. Chem., (2J M, 299 (1917) ; Krause, Ber., 61, 136, 642, 
1666 (IfilS); aa. 1211 (1919). 

»»'K»miyaBia, J. BM. Chem.. Ill, 6t (:e36). 

” Levy, ibid., », 767 (1933). 
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CH2(NH-CH3-CX)2H)2] ” undei^o extenave decompodilion, a large 
proportion of their nitrogen being liberated in the form of methylamine.^ 
It appears probable that this decomposition involve the transposititm 
of the double bond of a SchifP base.^* 


CH*=N-CHR-COjH CHiN=CR-COiH CHaNH* + R-CO-CO*H 


Similar decompositions are brou^t about by o-quinones,” methyl- 
glyoxal,” sugars,” isatin,” and a-keto acids.™ In the last instance, the 
condensation product imdergoes rearrang^ent with simultaneous decar- 
boxylation, followed by hydrolysis. These reactions may proceed in two 
directions, with formation of the aldehyde derived either from the amino 
acid or from the keto acid, or both. When the former aldehyde is pro- 
duced, a new amino acid is also formed. 


R-CH(NH2)-CC)sH + R'-CO-COjH 

i 

R-CH-N=C-R' 


COjH 

/ 

R-CH— N=C~R' 

I I 

COjH H 

I 

RCH-NH, 

I + R'-CHO 

COiH 


COtH 

\ 

R-C=N-CHR' 

I I 

H CO,H 

I 

R'-CHNH, 
R-CHO + I 

CO,H 


The nature of the substituents R and R' appears to determine which 
the two carboxyl groups is eliminated. 

Aromatic aldehydes yield condensation products with amino acids in 
the presence of alkali,* yielding Schiff bases Ar-CH==N-CBR-CC)2Na 

« Ldb, Bioetum. Z., 61, 118 (1913). 

Zeleny and Oortner, J. Biol. Chem., 90, 427 (1031). 

Clarke, Gilleepie, and Weiaabaus, J. Am. Chem. Soe., 69, 4671 (1933). 

"Kisch and ndlaborators, Bioehem. Z., 941, 1 (1931); 944, 440; 947, 371; 949, 63 
(1932). 

” Kisch, Md., 987, 334 (1033). 

” Akabori, Bet., 46, 143 (1933). 

™ Franke, Bioehem. Z., 968, 298 (1938). 

** Herbet and Ensel, J. Biol. Chem., 107, 606 (1034) ; Herbst, J. Am. Chem. Sec., 69, 
2230 (1036). 

** Gemgrosa, Biotitem. Z., 106, 80 (1020) ; Gemcrooa and Zuklks, Btr., 07, 1489 (1924); 
Bwgmann and eoUaboratora, Ber., 08, lOM (1925) ; Z. tht/tUA. Chem., U9, 282 (1926) ; 
179, 277 (1927). 
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m the dEotd^de bood, beii^ oaojugated vdth the aiomstlo audeiili, 
I&01VS tendeiM^ to migrate and thereby to initiate furtb^ deomn* 
portion d the kind observed with alii^tio aldehyctes. Subsequent 
ajndoosations may, however, take place with further quantities of the 
aromatic alddiyde;*^ glycine and benzaldehyde yidd N-benzylidene 
phenyl soine, 

CeHjCH—N-CH-CHOH-CWli 


ioiH 


t ogpthftr mth a by-product in which the carbon structure of the amino 
acid does not reappear. 


CeHiCH— N-€H-CHOH-C*H, 



Measurements of optical activity ** indicate that under milder condi- 
tions, in cold aqueous alcohol at pH 9-10, revermble equilibrium reactions 
take place between aromatic aldehydes and amino acids, with formation 
of compounds such as 

Ar-CH(NH-CHIl-COiH), 

Ar-CHOH— NH-CHR— COiH 
(Ar-CHOH),N-€HR-CChH 


The maximum change of rotation is usually readied with 2-3 moles of 
the aldehyde. 

^ ^ The action of /3-naphthoquinone and the dosely related 1,2-naphtho- 
,|jgi^aone-4-sulfonic acid upon a-amino adds is of practical as well as 
nhfOrdieal interest. With aniline, both these compounds are converted 
2t>hydroxy-l-naphthoquinone-4-anil, a red substance which resists 
'^e reducing action of sulfurous add. In the first case," part of the 
quinone is reduced to the hydroquinone; 



n BMeimiagraraaid oolUboMton, B»., M. SMS (Ul») ; SS. U08 (1885) ; M, U37, 8806 
(1897)1 Ann., 184, 36 (1894); 307, 70, 113 (1899); 337, 206 (1904). 

'*QaHaitd and Mead, J. Chem. Bae., 210 (1086). 

•* Mabarnniiti. 14, 1310 (188D)| Zi&olik, JMr., 14, 1408 (1881): Uebrnnaan and 
#4wobMm, .dim.. 8M, 36 (1888). 
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in tl» aeoond,** tbe soHcnuo groap is Emanated ss siilfiff iltaxide. 
0 0 



+ c,H^ra, 


80,H 



+ 80, + Hrf) 


Amino adds appear to act eiiDilarly, yielding ted solutions, the oolcnr 
of which, in contrast to that of the quinone reagent, is not disdbaiged 
by thiosulfate.® The intensity of the color developed with /3-ns^tho- 
quinonesulfonic acid is, with almost all the natural amino adds, propor* 
tional to their molecular concentration, so that the test can be ^phed 
for the quantitative estimation of amino acids in general. 

The “ninhydrin” reaction, a sensitive color test in which a blue color 
is developed on warming amino acids with triketohydrindene hydrate in 
dilute aqueous solution, involves oxidative deamination.® The first step 
consists in the dehydrogenation of the amino acid, which passes over into 
amm onia and an aldehyde. 


CO 

\ 



:c(OH), + 


R-CH-OOjH 
NH, 


CO 

0 ^ 


:CHOH + RCHO + NH, + CO* 


Triketohydrindene and its reduction product then condense with amr 
monia to yield the blue coloring matter, 

CONH, CO 

N=-C 

CO CO 




the constitution of which is analogous to that of murexide. Identical 
color intensities are developed with equimolar solutions of all «»-ainino 
adds and other compounds, such as dipeptides and aminoacetone, which 
contain o-aminoacyl groups.*’ Proline and hydroxyproline yield with 
triketohydrindene a different type of condensation product, in which only 

® Bdniger, Ber., ST. 23 (1894). 

® FoUn, J. Biol. Chem., Si, 377, 393 (1922). 

M Ruhenuum, J. Chem. Soe., 97, 202S (1910) ; 99 , 792, 1486 (19U>; AbdrtwMm eaA 
Sefamidt, Z. phyeioL Chem., 7S, 37 (1911>; Hig^ng and Wanufwid, J. MioL Chem., Wh. 
319 (1916) ; Retinger, /. Am. Chem. Soe.,$». 1059 (1917). 

® OkcrboUei and Hwneagteia, Bde. Ckim. Aeto, if, 1440 (1934). 
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the carboxyl group has been eliminated.” That from proline has the con- 
stitution 



and possesses a red color. 

The reaction with triketohydrindene has been applied to the estima- 
tion of a-amino acids “ and some monoalkylamino acids “ by measuring 
the amount of carbon dioxide evolved. Urea, peptides, esters, and amides 
of amino acids, acylamino acids, and N-dialkylamino acids do not react 
imder the conditions specified. 

Amin o acids and esters, like simple amines, are converted by sodium 
hypochlorite into N-chloro derivatives, the process being almost inde- 
pendent of concentration.*^ The resulting products break down, slowly 
in the cold but rapidly on warming, into ammonia, carbon dioxide, and 
an aldehyde. 

NH1-CHR-CO2H -♦ NHCl-CHR-COsH -♦ NH*=CHR + COt 
RCH==NH -I- H2O RCHO -f- NHs 

The reaction proceeds similarly with secondary amino acids; sarcosine 
yields methylamine in place of ammonia, proline breaks down into carbon 
dioxide and pyrroline. 

CHr-CHj CHr-CH, CH*— CHj CHr-CHi 

II - I i - I I - I I 

CH, CH-CO^ CH, CH-CO*H CH* CHO CH, CH 

\/ \/ \ X/" 

NH NCI NH* N 

The presence of two alkyl groups or of an acyl group on the nitrogen atom 
inhibits the action of hypochlorite. Amino acids completely substituted 
in the a-position (e.g., a-aminoisobutyric acid) are, on the other hand. 


readily oxidized to ketones. 



R'^ ^OtH 

R'^ ^COjH 


R'\ 

< 

' C -♦ 

C 

C=“NH — ♦ 

^NHj 

'^NHCl 

R'^ 



" Orassmatm and v. Arnim, Ann., 609 , 288 (1934). 

•* Van Slyke and ooilaboratora, J. BitA. Chan., 141 , 627, 671 (1941). 
** Mason, Bioehan. J., 89, 719 (1938). 
tangbeld, £<r., tf , 2360 (1909). 
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Chloramine T (sodium p-toluenesulfonchloroamide) in neutral solu- 
tion acts in the same way as hypochlorite,® yielding aldehydes, carbon 
dioxide, and ammonia when equimolecular quantities of the reactants 
are employed. With two moles of chloramine T, on the other hand, a 
different reaction occurs •* whereby nitriles are formed. 

RCHNH* RCHNa* 

I I RCN + 2HC1 + CO* 

COsH CO*H 

Both types of reaction occur when amino acids are oxidized with sodium 
hypobromite, the formation of aldehyde being favored, at the expense of 
nitrile production, by high alkalinity.® 

Amino acids are oxidized by peroxides “ or persulfates •• with forma- 
tion of aldehydes. Oxygen in the presence of charcoal, palladium black,® 
or finely divided iron “ causes their breakdown to aldehydes or ketones. 
The fact mat a-dimethylaminoisobutyric acid is readily oxidized by 
oxygen in the presence of charcoal,® yielding acetone, carbon dioxide, 
and dimethylamine, indicates that an addition compound with oxygen is 
formed. Ozone also breaks down not only the natural amino acids, but 
also dialkylamino acids, a-aminoisobutyric acid, and a-dimethylammo- 
isobutyric acid into aldehyde (or ketone), carbon dioxide, and volatile 
base. Similar products are formed from all the same types of compound 
by the action of silver oxide,'®® with which mono- and dimethylamino 
acids react more readily than the primary compounds; betaine and 
^-alanine are not attacked. 

Amin o acids are not oxidized by methylene blue alone, but are de- 
graded to aldehydes by palladium black in the presence of a hydrogen 
acceptor such as alloxan or dinitrobenzene.®^ Charcoal is without action 
in the entire absence of oxygen.'®* 

Amino acids are deaminated on exposure to ultrS-violet light; *®* the 
reaction is specific for the a-amino grouping '®* and takes place in neu- 
tral, acid, or alkaline solution. Little is known of its mechanism. 

® Dakin and collaborators, Proe, Jloi/. Soc. (.London) , B89, 232 (1916) j Biochem. J', 
11, 79 (1917). 

*• Dakin, Biochem. J., 10, 319 (1916). 

** Friedman and Morgulis, J. Am. Chem. Soc., 68 , 909 (1936). 

“ Dakin, J. Biol. Chem., 1, 171 (1905) ; 4, 63 (1908) ; 6, 409 (1909). 

** Lang, Z. phyeiol. Chem., 241, 68 (1936). 

" Wieland and Bergel, Ann., 439, 196 (1924). 

•* Handovsky, Z. phyHol. Chem., 176, 79 (1928). 

»• Bergel and BoU, ibid., 920, 20 (1933). 

'**Horbst and Clarke, J. Biol. Chem., 104, 769 (1934). 

101 Wieland, DrUhaus, and Kosohara, Ann., 613, 203 (1934). 

1“ Neuberg, Biochem. Z., IS, 305 (1908). 

*•» Lieben and Urban, Md., 939, 250 (1931). 
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Hw oxidative deamination of amino acids by biolt^cal systons, an 
impcfftant vital process, has been shown to be effected by two enzyme 
systems present in kidney and liver, namely i-deaminase and etdeamr 
inase, which respectively convert the natural and the unnatural varieties 
into ammonia and the corresponding o-keto adds, 

RCH-COjH 

I -» RCO-COtH + NH, 

NH, 


a process which has been shown to be biochemically reversible to the 
natural form. 

Dehydrogenation of amino acids to derivatives of the corresponding 
imsaturated amino acids has been effected by means of a remarkable 
reaction discovered by Bergmann and Stem.'*" When chloroacetyl- 
phenylalanine is warmed with acetic anhydride, the product consists of 
o-acetaminocmnamic azlactone, identical with the product of the action 
of benaaldehyde and acetic anhydride upon acetylglycine."” 


C*HjCHi-CH-NH-CO-CH,Cl 

i 

CXDjH 


I yc-cH, 
co—(y 


:tO- 


CeHtCHg-C=N\. 

I 

CO-<K 


C«H6CH==C — N. 


CO-0 


^C-CH, 


In like manner, a-bromopropionylalanine is converted into the azlactone 
of <*-propionaminoacrylic acid, which on hydrolysis readily yields pyruvic 
acid; a similar series of reactions is undergone by ct-bromopropionyl- 
asparagine.^* 

The conversion of chloroacetamino acids to unsaturated azlactones 
proceeds even more readily in the presence of pyridine. With P3rri- 
dine ftlone a betaine hydrochloride is formed; when this is treated with a 
mixture of ac»tic anhydride and pyridine, it yields the azlactone, but 
with acetic anhydride alone, it is converted into a cyclic compound of a 
novel type. 

‘“Krebs, Z. physiol. Chem., >17, 191; 118, 167 (1933) ; Biochem. J., M, 1620 (1936). 

Knoop, Z. physiol. Chan., 67, 4S9 (1910) ; Knoop and Kertess, ibid., tl, 262 (1911) ; 
Neber, ibid., aSi, 83 (1936). 

‘“BerEmaim and Stem, Ann., 446, 20 (1926). 

‘"Eriewneyw and Prttstaok, Atm., S84, 36 (1896). 

‘“Bentinann, Kann, and Miekeley, Ann., 4U, 186 (1926). 

‘“Seiwnaim, Zervaa, and Lebreoht, Ber., 64, 2316 (1931). 
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C«H,CHrCH-NHOOCH^ 

I + CiHiN — ♦ 

CO*H 

C«HjCHr^-NH-<X)-CHr-NC,H5 

I I 

coja a 

AojO + I AojO 

I 

COCHf 

I 

CtHiCHiCH— N-CO 


0- ■ N+C»H* 

A similar product is formed by the action of a mixture of acetic anhydride 
and pyridine upon chloroacetyl glycine, which is of course incapable of 
yielding an unsaturated azlactone. These substances lose acetyl on 
heating with acid or alkali, but the pyridine can be regenerated only by 
pyrolysis or by disruptive oxidation. 

CHrCOsH CHr-CO,- CH 2 — C-O" 

I -♦I 1 II ->• 

NH-COCH 2 CI NH-CO-CHr-N+CsHs CHsCON-CO-C-N+CjH* 

CH, C-O- H.O. CH*-CO,H 

1 II — ^ I +C»H»N 

NH-CO-C-N+CiH» NH-CO-CO»H 


i 

C.H,CH=C — 

I >CCH, 
CO— CK 


a,/3-Unsaturated amino acids per se are apparently incapable of inde- 
pendent existence, but the pr^ence of an acyl group on the nitrogen atom 
imparts sufficient stability to the molecule. A reversal of the ^ect <rf 
hydrolysis, mentioned above, can be brought about by condensing a-keto 
acids with acid amides. When, for instance, pyruvic acid is heated with 
acetamide, a mixture of a-acetaminoacrylic add and a,a-diacetamlno- 
propionic acid results.^® 


CH, 


CH, 

CO 

+ CH,CONH, -> 

II 

^NHCOCH, + H,0 

1 

^,H 


I 

coja 

CH, 

1 


CH, 

J 

C(NHC0CH,), + H*0 

1 

CO 

+ 2CH,C0NH,-» 

1 

CO,H 


1 

CO,H 


uoBaiginum and Grafe, Z. ^vtiaL Chem., 1S7, 187, 108 (1030). 
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Hie diacetamino compound ia readily converted into acetaminoaorylic 
by heating with acetic acid. Mth acetic anhydride it yields an 
aalactone, 

CH, 

1 

CSiCONH-C — 

I >3-CH. 

CO— (X 

which readily reacts with amino acids to yield condensation products 
of peptide character. 

CH, 

I 

CHsCONH— C— NHCOCH, 

I 

COt-NH-CHR— CO,H 

Acetaminoaciylic acid takes up hydrogen in presence of palladium, yield- 
ing di-acetylalanine. 

When an a-amino acid is digested in weakly acid solution with p- 
nitrophenylhydrazine, the bisnitrophenylhydrazone of the corresponding 
a-ketoaldehyde is gradually deposited.*” 

RCHNH, RO=N-NH-C«H4NO, 

I I + NH, 

COs^^ CH=N-NH-C(!H,N0, 

This remarkable reaction takes place not only with a-amino acids in gen- 
eral but also with a-hydroxy acids. It is of peculiar interest to the bio- 
chemist inasmuch as it constitutes a reversal of a biological synthesis of 
amino acids **^ in which a mixture of an a-ketonic aldehyde and ammo- 
nium carbonate, when perfused through a dog’s liver, is converted into 
the corresponding amino acid. The reaction with a-hydroxy acids is 
likewise a reversal of the well-recognized enzymatic conversion of methyl- 
glyoxal to lactic acid. 

GENERAL SYNTHETIC METHODS FOR PREPARING a-AMINO ACIDS 

The classical method consisting in the action of ammonia upon o- 
halc^n-substituted acids, 

R-CHBr-COJi + 2NH, R-CH(NH,)-COai + NH 4 Br 
an example of which is the preparation of glycine,*** has found the widest 

wi Dakin and Dudl«y, J. Bid. Chem., lA 658; M, 127 (1913) ; Dakin, BuxUum. J. 
10, 313 (1016). 

^ Dakin and Dndl^, J. Bid. Chem., 18, 29 (1914). 

”* Orton and Hill, J. Am. Chem. 3oe., 83, 2797 (1931). 
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applicati(^. A nuxlificatidn of tiiis principle, occasicHially onployed, in- 
volves the application of the phthalinude reaction to esters of halo- 
genated acids. The product is hydrolyzed with alkali, and the resulting 
acid heated with hydrochloric acid. 


RCHBr 

I 

COjEt 




COjEt 


R-CH— NH-COCJH 4 CO 2 H 

I 

COjH 


Ha 


R-CHNHs-Ha 

COjH 


+ C«H4(C02H)s 


A general and extremely useful combination of the phthalimide and 
malonic ester synthesis has been developed by Sorensen.*** 


002Et 

CHBr + KN<( )>C ^ 


CO*Et 

1 


C02Et 


\CCK 
COJEt 


COnEt 
RBr + NaC— 

COsEt 


COsEt 


eH4 R-C— N 




XXK 

CO^Et 


RCHNHj 

I 

CO2H 


1»H4 


hydi-olyib 

^ 

heat 


+ C6H,(C0*H), +2CO, +iCsHsOH 


A variant of this procedure, in which the ethyl phthalimidonaalonate 
is replaced by ethyl benzoylaminomalonate, has recently been pro- 
posed.***' *** 

The Strecker synthesis *** from aldehydes (or ketones), ammonia, and 
hydrogen cyanide is of wide application in a variety of forms, all of which 
involve the intermediate formation of aminonitriles: (1) by the interac- 
tion of a cyanohydrin and ammonia; *** 


RCHO 


HCN RCHOH R—CHNHj 


Ha 


CN 


CN 


RCHNHsHa 

I 

CO^ 


*** Gabriel and KroBebei*, Ber., S9, 426 (1889). 

•“ SSrensea, Z. pKyaiol. Chem., 44 , 448 (1906). 

Redemann and Dunn, J- Biol. Chom,, 130, 341 (1039). 

•** Painter, J. Am. Chem. Soe., M, 232 (1940). 

**• Stwcker, Aim., TO, 27 (1860) ; Tiemann, Ber.. 18, 381 (1880) ; 14. 1965 (1881). 
**• Menie. /. Am. Clum. Soe., S6, 2197 (1934). 
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(2} by the aotimi of hydiogaa. cyanide on an aldehydO'^mmcKiia; 

NH, ECHOS hcn RCH-CN na RCH-OOfi 

ECHO 4 j > I > I 

NH, NH, NH,HCi 


or (3) by treating an aldehyde with ammonium cyanide, produced either 
by direct union of ammonia and hydrogen cyanide or by mixing concen- 
trated solutions of potassium cyanide and anamonium chloride. 

Modifications of the Strecker process, whereby hydantoins are formed 
directly by the use of ammonium carbonate, have recently been devel- 
oped.** Hydantoins, which break down to amino acids on hydrolysis 
under vigorous conditions, can, owing to their lack of dipolar properties, 
often be more readily isolated than the corresponding amino acids. 

a-Amino acids have also been prepared by the reduction of a-oximino 
acids.*** A general and more convenient method consists in the catalytic 
hydrogenation of a-keto acids in presence of ammonia,*** a procedure of 


R-CMDOOH + NH, + 2H R-CH-COOH 

special value for the synthesis of amino acids with isotopic nitrogen.*** 

Of interest in this connection is the formation of acetylalanine by the 
action of ammonia upon pyruvic acid. *** 


2CHrC0-O0,H + NH, -♦ 

CHr^H-CO,H 

I 

N 

II 

CHrCOH 


CHrCOH-€OtH CHr-C-COtH 

I II 

NH N 

I I 

CHrCOH-CO,H CHr<30H-C0,H 
CHr-CH-COiH 

I 

4-00,-+ NH 

I 

CHr<X) 


^Hie decomposition of a<nd azides by alcohol, whereby urethanes are 
formed, 

RCONa + Eton -» RNHCX)JSt + N, 

\ 

*“ Bweiheiw and cc^boraton, J. prakt. Chem., tz] 140, 291 ; 12] 141, 6 (1934) ; Slfttta, 
Behniscb, and Saywska, Ber., 47, 1629 (1934). 

“‘Gntimecht, Ber., 13, 1113 (1880). 

Knpop and Oesterlln, Z. pk]/aioL Chem., 148, 2M (1926). 

1 1** B«bp8BiMhn«r and Eataer, J. Biol. Chem., 187, 301 (1939). 

»**4e Jong. See. trot. Onm., 19, 269 (1900) ; Ertenmayw, A/m.. m, 206 (1904). 
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has been applied to the preparadon of a>ammo acids from malonio 
esters; 



and from c^anoacetic esters.'" 


/COjEt /CON, /NHCOsEt /NH, 

R-CH< R-CH< R-CH< R-CH< 

^CN \:N \3N NdO,H 


In syntheses of higher or more complex amino acids, particularly 
those containing a terminal aromatic group, a derivative of glycine has 
in many instances been employed as starting material. Benzald^yde 
may be condensed with hippuric acid in presence of acetic anhydride 
as in Perkin’s synthesis, yielding the azlactone of benzoyl-a-amino- 
ciimanuc acid, which on mild hydrolysis, followed by hydrogenation, 
yields benzoylphenylalanine. 


CHr-NHCOC»Hs 
C.H,CHO+ I 

COjH 


CeH,CH=C— N<. 
1 

CO-CK 


C<tH,CH=C-NHC0C6H, Cja,CHr<;H-NHCOC#H, 

I I 

CO,H CO,H 


This is readily split by acid or by alkaline hydrolysis into dl*phenylalar 
nine and benzoic add. The benzoylaminocinnamic acid, on being sub- 
jected to drastic hydrolysis, breaks down into phenylpyruvic add, 

C<Jl6CH=C-NHCOC(JEI, 

1 CeHtCHrCQ-COiH + C,H,CONH, 

CO,H 

the oxime of which, on reduction, also yields phenylalaninet.'" Acetyl- 
glycine or even glydne itself may conveniently be employed."*’ 

CurtiuB, J. prakl. Chem., 12] US, 211 (IWO). 

“• DarepBlqr, tbiel., {2) 146, 2S0 (1936). 

^ Bilenmeyv, Ann., 178, 1 (18^). ' 

"* Erlenmcixw, Ann., 171, 137 (1882). 

»* DiUtin, J. Biel. CSm.. 81, 438 (1838). 
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RiTwila-r ^theses have been carried out with hydantoin.^ 

CHi^NHv C6 HsCH=-C NH. 

C*H5CH0+ I 


CO — NH 
CeHsCHaCH— NH. 


\co 

CO— NH/ 


\co — » 

CO— NH/ 

C.H6CH2CH-NHj 

I + 2NH, + CO» 

C0*H 


The last two steps (reduction and hydrolysis) can conveniently be car- 
ried out in one operation by treating the condensation product with 
ammonium sulfide at 58°.*” Acetylthiohydantoin may advantageously 
be employed in place of hydantoin. 

In this connection it may be noted that anisalhydantoin on alkaline 
hydrols^sis yields, besides ammonia and p-methox 3 rphenylpyruvic acid, 
p-cresyl methyl ether and oxalic acid. 


RCH=C NH. 


CO— NH 
RCH=C — NH 
1 

CO— NH 


^CO 

^0 


RCHr-CO 

1 

COjH 

COiH 

RCH, + I +2NH» + CO» 
C02H 


The last two are the principal products when concentrated alkalies are 
employed.^** 

Although the hydantoin method is most advantageously applicable 
to condensations with aromatic aldehydes, it can also be adapted to the 
synthesis of aliphatic amino acids. Heptaldehyde and hydantoin, when 
heated in acetic acid with sodium acetate, furnish a 15 per cent yield of 
heptylidene hydantoin, which on reduction with stannous chloride and 
subsequent alkaline hydrolysis is converted into a-aminopelargonic 
acid.**® 

An interesting synthesis involves the condensation of aromatic alde- 
hydes with rhodanine.'** The product on treatment with alkali breaks 
down to an a-thioketo acid, which with hydroxylaraine yields the corre- 
sponding oximino acid; this is then reduced. 

CH* — Sv C«HsCH==C Sv CsHsCHs-CS 

C,HtCHO-|-| 1 I 

CO-NH/ CO— NH/ COjH 

C*H8CHjC=NOH C«H6CH*CH-NH» 

COjH COjH 

*** WbMler and Hoffman, Am. CKem. J., 45, 368 (1911). 
and Robson, fiioeAem. y., 19, £42, 546 (1935). 

u>H«(se, Whitney, and Eppright, J. Am. Chtm. 8oc., 9S, 566 (1940). 
iMaam, Hiid., 51. 2485 (1939). 

*** OrSWwW, Mdt. CUm. Acta, 6, 610 (1923) ; 5, 458 (1923). 
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All the above processes lead to inactive amino adds. Resolution has 
generally been ^ected by acylating the amino group and fractionally 
crystallizing the salts of the resulting add with an optically active base 
such as an alkaloid. An alternative method recently developed con- 
sists in introducing the 2 -menthoxyacetyl group and separating the re- 
sulting mixture of diastereoisomeric adds by crystallization. The “im- 
natural” (d) varieties of amino acids can be prepared by subjecting the 
racemic forms to the action of actively fermenting sugar solutions,*** 
whereby amino acids having the I configuration are converted, by reduc- 
tive deamination and decarboxylation, into alcohols, 

R-CH(NHs)-C 05 iH II-CH2OH + NHs + COi 

the d-amino acids remaining intact. 

An ingenious application of enzymatic reactions has been made *** 
to the resolution of racemic acylamino acids, which on treatment with 
aniline in the presence of the proteolytic enzyme papain yield the anilides 
of only the “natural” optical isomers. With, for example, the benzoyl 

and carbobenzoxy derivatives, only the I variety is converted into the 
anilide: 

R R 

I I 

H-C-NHCOC»H» ^ H-C-NHCOC*Hs 

I I 

COijH CONHCeHs 

SOME INDIVIDUAL AMINO ACIDS AND DERIVATIVES 

The subsequent pages contain discussion of the properti^ of all 
natural amino acids of protein origin except alanine, valine, leucine, 
isoleucine, norleuctne, and phenylalanine. All these compounds are of 
great interest from the biochemical standpoint, but as they conform 
closely to the general type of monoamino monocarboxylic acid, reviewed 
above and treated in more detail in the case of glycine, their intimate 
discussion has not been undertaken. 

Glycine. In addition to the general synthetic methods, outlined 
above, some special reactions have led to the formation of glycine. 
Cyanogen is simultaneously reduced and hydrolyzed by hot hydriodic 
acid.*** 

CN CH,NH, 

1 -h 6 HH- 2H2O -♦ I + NH4I + 2I1 
CN COtB. 

*** Holmea and Adams, J. Am. Chem. Soe., BS, 2093 (1034). 

**• Ehriich, Bioehem. Z., 1. 8 (1906) ; 8, 438 (1908). 

*•* Bergmann and Fraenkel-Conrat, /. Biol. Chem., 110, 70(7 (1937). 

**• Fruton, Irving, and Bergmann, <Wd., 133, 703 (1940). 

Emmerling, Ber., 3, 1351 (1873). I 
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Hjdrog^ cyanide on long standing in tlie pJeaence of mdsture is con- 
visrted into a crystalline polymer CgHsNs which on boiling with acids oi 
alkalies breaks down into glydne.^*’ 

CN-CHNH, CHjNHi 

3HCN I + 4HtO I + CX)j + 2NH, 

CN CO»H 

Glycine has been produced by treating malonic acid in ooncwitrated sul- 
furic add with hydrazoic acid.“* 

CO*H CONs NCO im, 

I + HNs —>1 1 I 

CHsCOja CHiCOjH CH^H CH,CO,H 

The detection and estimation of glycine in a protein hydrolysate 
have generally been effected by taking advantage of the sparing sol- 
ubility of its ethyl ester hydrochloride or of its picrate.'** The 
selective predpitation of a complex potassium trioxalatochromiate, 
[Cr(C204)8l6Kia(NH2CH2C02H)5-2H20, has been suggested as a 
method for the quantitative isolation of glycine.*** None of the other 
natural amino adds is precipitated under the conditions adopted. The 
analogous reagents in which the chromium is replaced by iron or cobalt 
are also selective precipitants for glycine. An almost equally specific 
predpitant is nitranilic acid ( 2 , 5 -dinitro- 3 , 6 -dihydroxybenzoquinone), 
the glycine salt of which, C602(0H)2(N02)2 -20112 (NH2)C02H, is spar- 
ingly soluble ( 0.8 per cent) in water and almost insoluble in alcohol.*** 
No other amino acid, except histidine,*** yields a salt of comparable solu- 
bility. 

N-Benzoylglycine (hippuric add) is excreted in the urine of mammals 
which receive benzoic add by mouth. The benzoylation takes place in 
the kidney and, in some species, also in the liver.*** 

On treatment with cyanamide, glycine is converted into guanidino- 
acetic acid, or glycocyamine, 

NHsrCN + NHj-CHr-COjH ^ NH*-C(=NH)-NH-CHj-COiH 

which is also formed by heating glycine with guanidine, or, more con- 
veniently, S-methylisothiourea.**® 

NHrC(=^)-SCH,-fNHr-CHr<! 0 ,H-»NHH:(=NH)-NH-CHrCOai+CH|SH 

Lange, Ber., 6, 99 (1873) ; Wippennann, Ber., 7, 767 (1874). 

Adamson, J. Chem. Soc., 1664 (1939). 

Fischer and Skita, Z. pkvaiol. Chem., 33. 177 (1901) ; Fischer, ibid., 38, 227 (1902). 
Lerone, J. Bid. Chem., 1 , 413 (1906) ; Levene and Van Slyke, thid., U, 286 (1912). 
***BeismBnn and Fox, ibid., 109 , 317 (1935). 

*** Town, Biochem. J., 30, 1833 (1036). 

MS gtela and Miller, J. Biol. Chem., 180 , 690 (1938). 

*** Boqlook and Dubnoff, ibid., 188 , 307 (1939). 

»*» Neftki and Sieber, J. praH. Chem.. 12J 17, 477 (1878); Wheeler and Merriam, Am. 
Chm, 478 (1908). 
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On boiling with dilute hydrochloric add, glycocyamine tmdergoeB int^ 
nal condensation to glycocyamidine.*** 

NH-CHj-CO,H NH-CH*-CO 

I "*■ I I 

C(=NH)-NH, C(=NH)-NH 

This compound is also formed by the action of guanidine upon glycine 
ester.“® 

NHrCH*-COtEt + NHr-C(=NH)-NHj 
NHrCHr<;0-NH-C(==NH)-NHj -♦ 

NH-CH,-CO 

I 1 

C(=NH)— NH 


Sarcosine, the N-methyl derivative of glycine, has not been found 
among the hydrolytic products of proteins. It has been synthesized from 
ethyl chloroacetate and methylamine, by the action of formaldehyde and 
tin upon glycine in boiling acid,” and from benzenesulfonylglycine and 
methyl sulfate.“^ In its general properties it closely resembles glycine. 
On heating above 200" it breaks down, partly into carbon dioxide and 
(hmetbylamine and partly into water and the diketopiperazine, sarcosine 
anhydride. 

CH,N-CH*-CO 

I I 

OC-CHr-NCH, 

It is oxidized more rapidly than glycine by silver oxide (c/. p. 1101), yield- 
ing carbon dioxide, formaldehyde, and methylamine. 

Creatine, an important constituent of muscle extract and of certain 
biological fluids, is a-methylguanidinoacetic acid ; it has been synthesized 
from sarcosine and cyanamide, 

CHtNHCH, CN CHr-N(CH,)^0=NH 

I + 1 I I 

CO:iH NH, COiH NH, 

or (together with creatinine) from sarcosine and guanidine carbon- 
ate.*** Its origin in the mammalian organism has been completdy 
traced: the N^H 2 C 02 H grouping is derived from glydne,*** the ami- 

*« 3aS6, Z. pKytioL Chem., 48, 430 (1006). 

*•“ Tnube utd Awsher, Ber., 44, 2077 (1913). 

*** Cooker and Lapvorth, /. Chem. Sac., 1894 (1931). 

**• MyUus, Ber., 17, 286 (1884). 

»•* Volhard, JahreOt., 686 (1868); Paulmann, Arch. Pharm., SSI, 601 (1894). 

*** Blooh and Sohoenlieuiier, J. BioL Chem,, 188, 633 (1940). 
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riitift (-C(=NH)-NH 2 ) group comes from arpnine,“®’ “• and the methyl 
from methionine.*®’'’ 


Guanidine and its alkyl derivatives are in general very strong bases, “• 
and creatine accordingly possesses dipolar properties which are'even more 
pronounced than those of the amino acids.** From determinations of its 
dissociation constant in acid solution *•* and its solubility in alkaline 
solutions,** it has been estimated that creatine is a thousandfold stronger 
as a base than as an acid. Its solubility in cold water is 1.5 per cent; in 
solution it is neutral to litmus, and undoubtedly consists mainly of di- 
polar ions. 

In boiling alkaline solution it breaks down into sarcosine, carbonic 
acid, and ammonia. The decomposition ** proceeds along two different 
routes: 


CHr-N(CHO-C=NH yCOjH NH, 

Ahj \CH-N(CH,)-C0 


CHr-NHCH, CONH, 

i +1 

COjH NH, \ CH,NHCH, 

+CO, + 2NH, 

/CO,H 


i 


0,H 


NH, 


+ NH, 


In acid solution, on the other hand, ring closure occurs, as in the hydan- 
toic acids (p. 1095), with formation of creatinine. 

CHrN(CH 3 )-C=NH CHr-N(CH,)-C==NH 

1 I I I +H,0 

CO 2 H NH 2 CO NH 

Creatine Creatinine 


On treatment with alcoholic hydrogen chloride, creatme yields ester 
hydrochlorides.*®* The free esters, which should be extremely strong 
bases, appear to be incapable of independent existence, for when the hy- 
drochloric acid is removed, alcohol is simultaneously split off, with forma- 
tion of creatinine. This loss of alcohol also takes place merely on heating 
the hydrochloride alone or with water — so readily, indeed, that creatine 
ester hydrochlorides have been regarded as salts of creatinine in which 
alcohols are bound in some undetermined manner. However, titration 

Davenport, Pischer, and WUhelmi, Biochem. J., 32 , 262 (1938). 

Bloch and Schoenheimer, J. Biol. Chem., 134 , 786 (1940). 

Borsook and Dubnoff, ibid., 183, 559 (1940). 

du Vigneaud, Chandler, Cohn, and Brown, ibid., 134 , 787 (1940). 

Davis and Elderheld, J. Am. Chem. Soc., M, 1499 (1032). 

CanAan and Shore, Biochem. J., 23 , 920 (1928). 

Hahn and Barkan, Z. Biol., 73 , 25 (1920) ; Eadie and Hunter, J. Biol. Cham., 67 , 
237 (1926). 

Hahn and Fasold, Z. Biol., 83 , 473 (1926). 

“•Gaebler, J. Biol. Chem., 69, 613 (1926). 

***Dox and Yoder, ibid., 54 , 671 (1922); Eapfhammer, BiocAem. Z., 186 , 182 (1026) 
YaiUgr and Smnd, J. Biol. Chem., 103 , 767 (1033). 
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curves of creatine rater salts not only clearly demonstrate the difference 
of the dissociation characteristics of the ester from those of creatinine 
but also indicate an irreversible conversion of rater to creatinine during 
the progrras of the titration from pH 3.5 to pH 5.6. The readiness with 
which this ring closure takes place is not without parallel: on treating 
bensoylpseudoethylthiohydantoic ester with ammonia, the resulting 
ethyl ester of benzoylglycocyamine spontaneously loses alcohol, at the 
moment of formation, to yield benzoylglycocyamidine. 

CH!rNH-C=NCOC6H» CHj-NH-C=NC0C«H5 

I I + NHs -^1 1 — > 

COjEt SEt COiEt NHj 

CHjr-NH-C=NCOC»H5 

I I 

CO NH 

Analogous cases are cited on pp. 1117, 1145, and 1147. 

On treatment with acetic anhydride, creatine is converted into a sub- 
stance which is split by ammonia into acetylsarcosine amide and acetyl- 
urea; the reaction is explained as involving the rearrangement of a 
quaternary ammonium acetate of acetyl creatinine: 

CHsCO OCOCH, 

\/ 

CHs-NCH, CHr-NCHj-COCH* 

► I X:=NH I 

CO— NH CO-NH-C=NH 

I 

OCOCH, 

CHr-NCH,-COCH, 

1 

CO-NHCONHCOCHs 

Of great biochemical interest is creatine-phosphoric acid, or phos- 
phocreatine, 

CHrN(CH,)-C=NH 

I I 

CChH NH-PO(OH)* 

an unstable constituent of mammalian muscle tissue.*” The hydrolsriic 
breakdown of this substance into creatine and phosphoric acid, which 
occurs under the influence of enzymes present in muscle, is exothermic 

*•* Johnson and Nicolet, J, Am. Chtm. Soe., 37, 2416 (1016). 

»*• Ing. /. Chem. Soc.. 2198 (1932). 

*” E^eton and Eggleton, BiocHem. J., St, 190 (1927) ; Mevorbot and Lohmann, 
Biochen. Z., t96, 22, 49 (1928) ; Fisko and Subbaxow, J. Biol. Chmn., 81, 629 (1929) ; 
Pamai and Ostem, Biochem. Z., 879, 94 (1936). 


CHj— NCHj 
1 X!=NH 
CO2H NHt 
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Itad is A^ociated 'with the devdiopment of muscular eoergy; regeneratioQ 
occurs during rept^. 

Creatinine is more soluble in water and, being more electrically 
imbalan<^, behaves as a stronger base than creatine. “• In aqueous 
solution, creatine and creatinine enter into equilibrium, the stationary 
state bdng established very slowly in the cold but more rapidly at higher 
temperatures. The reaction rate also depends on the pH level, reaching a 
maximum at pH 4.^® The composition of the equilibrium mixture de- 
pends upon the pH of the solution, the ratio of creatinine to creatine ris- 
ing rapidly from 2 at pH 4 to 20 at pH 2. At pH 5 to 7, the components 
are present in approximately equimolar ratio.*** In more strongly alka- 
line solution, hydrolysis to ammonia, methylhydantoin, urea, and sar- 
cosine occurs.*** 

Creatinine forms a characteristic picrate which is sparingly soluble 
in water. On the addition of alkali, this yellow picrate develops an 
orange-red color. Creatine also forms a picrate which closely resembles 
that of creatinine but yields merely a yellow solution on treatment with 
alkali. These observations, recorded by JbS6, form the basis of an 
analytical method for the estimation of creatinine,*”* The development 
of the red color in this test is not specific for creatinine, and has been 
observed with glycocyamidine, hydantoins, barbituric acid, and diketo- 
piperazines. On the other hand, no color is formed by derivatives of 
creatinine in which both of the imino hydrogen atoms are replaced by 
methylol groups, or the methylene hydrogen atoms by benzylidene. The 
red color was long supposed to be due to picramic acid, which is formed 
from picric acid by a variety of reducing substances^ it now appears to 
be caused by the formation of a salt of a red tautomer of creatinine pic- 
rate.*^* Picric acid seems to be essential for the Jaff4 reaction, which 
does not occur with 2,4- and 2,6-dinitrophenol8 or even with 2,4,6- 
trinitro-OT-cresol. 

Strains of bacteria have been discovered *” which rapidly bring about 
the oxidative breakdown of creatine and creatinine, with formation of 
'urea. They act similarly, but more slowly, ■with ^ycooyamidine and 
other substances which contain the grouping »=N — C — N=.*™ 

McNally, J. Am. Chem. Soc., 48, 1003 (IB26). ^ 

*" Edgar and Shiver, Md., 47, 1178 (1935). 

*’• Jaff4. Z. vhytwl. Chem., 10, 891 (1886) ; FoUn, Uni., 41, 223 (1904) ; J. Biol. Chem., 
17, 463, 469, 476 (1914) ; FoUn and Doiey, ibid., 18, 349 GBIT). 

*«Greenwald and Gross, ibid., S9, 601 (1924). Qreenwald, /. Am. Chem. Soc.. 47. 
1443 (1926) ; J. Biol. Chem., 77, 639 ; 80, 103 (1928) ; 88, 333 (1930) ; Anslow and Wmg , 
/. Chem. Soo,, 1210 (1929). 

W Duboe and Miller, J. Biol. Chem., 181, 429 (1937). 

»» Kreba and Eggleston, Eruymolovia, 7, 310 (1939), 
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Dimethyl^ycine can be iM'^ared by tbe interaction of chloroaoetio 
acid and dimethylamine; by condensing formaldehyde cyanohydrin witii 
dimethylamine and then hydrolyzing; also, by treating glycine with 
formaldehyde in the presence of tin and hydrochloric acid ” or of formic 
acid.” The methyl ester, when heated, rearranges reversibly into be- 
taine, 

(CH,)^-<aij-<X)jCHa ^ (CH,)BN+-CHj-a)j- 

an example of the alkylating action of carboxylic esters.’” 

Betaine salts such as the hydrochloride, which can be titrated as mono- 
carboxylic acids, are formed by the addition of chloroacetic acid to tri- 
methylamine or by treating glycine or sarcosine with methyl iodide or 
sulfate. At 260-270“ betaine hydrochloride breaks down into tetrar 
methylammonium chloride and carbon dioxide. 

Esters of betaine are of course capable of existing only in the form 
of salts; these are formed directly from trimethylamine and chloroacetic 
esters, from methyl iodide and an ester of dimethylglycine, or as a by- 
product in the methylation of glycine.’” On treatment with ammonia 
they are converted into salts of betaine-amide. The corresponding hy- 
drazide,’” similarly produced from hydrazine, has recently found appli- 
cation as a reagent for preparing water-soluble derivatives of insoluble 
ketones. 

Aspartic and Glutamic Acids. The chemical character of the mono- 
amino dicarboxylic acids resembles in the main that of the monocar- 
boxylic acids; such differences as exist are ascribable to the presence of 
the second carboxyl group. 

Both acids are less soluble in water than the corresponding mono- 
carboxylic acids; the pH of their aqueous solutions is low, but higher 
than the isoelectric point (cf. p. 1088). They are extracted by butyl 
alcohol from their solutions at pH 3.” Both form sparingly soluble salts 
with heavy metals; the salts of barium and calcium are insoluble in 
alcohol.*” i(-f-)-Aspartic acid and f(+)-glutamic acid are both dextroro- 
tatory in strongly acid solution and levorotatory at the isoelectric point; 
in alkaline solution the aspartic acid rotates to the left and the glutamic 
acid to the right. 

df-Aspartic acid is formed by direct addition of ammonia to malmc 

*’* Eachweiler, Ann., J79, 39 (1894). 

**' WiUst&tter and collaborators, Ber., SS, 684, 2767 (1902) ; Hammett and Fflasw, 
J. Am. Chan. Soe., S5, 4079 (1933). 

Novak, Ber., 45 , 834 (1912). 

*” Qirard and Sandulesoo, Hale. Chitn. Acta, 19, 1096 (1030). 

*** Foreman, BwcAam. J., 8, 461, 481 (1014). 
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or funmrio acid.”* Ethyl fumarate reacts with ammonia to form diethyl 
aspartate and diketopiperazine diacetamide,*** 

NH,CO-CHt-CH-CO-NH 

I I 

NH-CO-CH-CHj-CONHt 

whidi on alkaline hydrolysis is converted into dl-aspartic acid.“* Syn- 
theses of glutamic acid have followed more conventional lines. 

An important difference between aspartic and glutamic acids is rep- 
resented by the readiness with which the latter passes over into pyrroli- 
donecarboxyiic acid in hot aqueous solution.*™ 

CHjrCHy-CH-COjH CHrCHrCH-COsH 

I I ^1 I +H*0 

COjH NHj CO NH 

This reaction, which is reversed by the action of hot concentrated hydro- 
chloric acid, finds no analogy in the ease of aspartic acid, and is referable 
to the spatial proxiniity, in glutamic acid, of the groups involved. 

Another difference, probably due to a similar cause, resides in the 
contrasting stabilities of the naturally occurring monoamides of the 
two acids, both of which are widely distributed in growing vegetation 
and have been isolated from enzymatic digests of vegetable proteins.*** 
Asparagine, NH2C0CH2CH(NH2)C02H, is relatively stable in aqueous 
solution over a wide range of hydrogen-ion concentration. Glutamine, 
NH 2 C 0 CH 2 CH 2 CH(NH 2 )C 02 H, rapidly undergoes hydrolysis to am- 
monium pjTTolidonecarboxylate *** in neutral solution at 100®, under 
which conditions asparagine is hardly affected. Introduction of an ami- 
noacyl group into glutamine stabilizes the amide linkage, possibly by 
reducing the acidic dissociation of the neighboring carboxyl group. 

f(+)-Glutamine, which is dextrorotatory in acid but levorotatory in 
water, appears to be intimately involved in the detoxification of ammonia 
and the assimilation of nitrogen by plants and animals. Vegetable or- 
ganisms grown under conditions in which ammonia is the sole source of 
nitrogen accumulate relatively large proportions of glutamine,**® which 
is also synthesized in kidney and other tissues from Z(-*- ’'-glutamic acid 
and ammonia.*** 

Engd, Bull. sac. ehim., [2] 48. 07 (1887) ; 80, 149 (1888). 

**® Koemer and Menozzi, Goz*. chim. iial., 17, 226 (1887). 

“*Fiaclier and Koenigs, Ber., 87, 4685 (1904). 

*“ Dunn and Fox, J. Biol. Chem., 101. 493 (1933). 

*" Oamodaran and collaborators, BioAem. J., 88, 235, 1704 (1032). 

*** Vickery and ooUaborators, ibid., 89, 2710 (1936). 

*" OreenhiU and Chibnall, ibid., 88, 1422 (1034) ; Vickery and ooUaborators, Seionee, 
80, 460 (1934) ; J. Biol. Chem., 113, 167 (1936) ; PlatU Physiol, 11, 413 (1036). 

**»KrebB, Bwhem. J., 89, 1961 (1036). 
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The synthetic conversion of i!(H-)-^utamic add into the natural 
variety of glutamine exemplifies some of the elegant preparative methods 
developed by Bergmann.*" On treatment with benzyl chlorocarbonate, 
glutamic add yields the carbobenzoxy derivative, which with acetic 
anhydride is transformed into an anhydride. 

C«H,CHiOCONH-CH-CHr-CHj CbHsCHsOCONH-CH-CHHIHj 

I I - II 

COOH COOH CO— O— CO 

This on treatment with ammonia 3delds a carbobenzoxy derivative of 
isoglutamine,*" 

CHr-CHirCH-NHCOjCHiC#Hj 

I I 

CO2H CONHj 

isomeric with that from natural glutamine. A similar reaction occurs 
with benzyl alcohol, the a-monobenzyl ester being the sole product. This 
is converted, through the chloride, into the amide; when this compound 
is catalytically hydrogenated, the benzyl groups are split off as toluene 
and the resulting unstable carbamic acid grouping loses carbon dioxide, 
leaving glutamine. 

C»H,CH,OCONH-CH— CHj-CHj C,HsCH,OCONH-CH — CH, — CH, 

(!;o,h~* (Ijoah, (Ijonh,”" 

CiJIsCH, + COj NHr-CH-CHj-CHr-CONH, 

“hi H" CHsCftH® 

CO*H 

Isoglutamine is formed in the same way from its carbobenzoxy deriva- 
tive. Aspartic acid may be converted into asparagine and isoasparagme 
by an analogous series of reactions. 

The 7-monoethyl ester of glutamic acid, prepared by the action of 
ethyl iodide upon silver glutamate or by direct esterification of glutamic 
acid, readily undergoes auto-condensation to pyrrolidonecarboxylic acid. 

CHj-CHj-CH-COiH CH»-CHz-CH-COtH 

I I - I I 

COiEt NH* CO NH 

When its carbobenzoxy derivative is successively treated with ammonia 
and hydrogenated, glutamine results.*® 

^ Bergnuuui and ooUaborators, Z, phynoL Chem., Sll. 61 (1033) ; Rar., W, 1102 
(1032); <6, 1288 (1033). 

“• Nienburg. Ber.. 88, 2232 (1936). 
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mr€Hx-CH~COtS CHrCHj-CH-OOifl 

11 _4 I 1 

OOjEt NH-€0*CH*C«H» CONHj NH-COjCHiCeH, 

CHr<^*-CH-CO»H 

I 1 

CONH, NH, 

On treatment with hypobromite, followed by hydrolysis, i-asparagine 
is converted into an optically active a,/J-diaminopropionic acid identical 
with that prepared by the action of ammonia upon the d-chloroalanine 
derived from natural serine. 


CONH, 

I 

BatOBr), 

I 

CO,H 


CHrNHv 

I 

> H— C — ^NH'' 

I 

CO,H 


\ 


CH,OH 

I 

H— C— NH, 

I 

CO,H 


CH,C1 / 
H— C— NH, 

I 

COOf 


CHjNH, 

I 

H— C— NH, 

I 

CO,H 


This series of reactions establishes the configurational identity of natural 
aspartic acid and serine. By a similar process, glutamine yields an 
a,7-diaminobutyric acid which with its dibenzoyl esters displays optical 
relations analogous to those shown by the natural a,d- and a,Mliamino 
adds cnmithine and lysine.^** This i-a,7rdiaminobutyTic acid is also 
formed by the action of hydrazoic add upon i-glutamie acid in con- 
centrated sulfuric acid (</. p. 1106 ). 

Proline. The widely distributed I(— )-prolme is distinguished from 
all other amino acids, except hydroxyproline, by its inability to yield 
nitrogen on treatment with nitrous acid and by its ready solubility in 
alcohol. For isolation, it may be precipitated (after the removal of 
histidine and arginine) as the rhodanilate by means of ammotuum 
rhodanilate, [Cr(SCN)4 • (C6H5NH2)3]2(NH4)2 • 3H2O. Reinecke salt,'" 
[Cr(SCN)4-(NH8)2]N]^-H20, forms a similar precipitate with both 
proline and hydroxyproline.'** 

KiurreT and coUaborators, Belt. Chim. Acta, 6, 411, 0S7 (1923) ; 9, 301 (1026). 

iMBwBmaim, J. Biol. Chem., 110, 471 (1036). 

Ml Dakin, “Oisanic Syntheses," John Wloy & Sona, New York (103S), Vd. Ifi, p. 74. 

Ml Ea|dhanuner and coUaboraton, Z. phytiol. Chem,, 170, 204 (1927) ; ITS, 245 (1928). 
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Proline has been i^thesized by several methods, 'the most obvious, 
the hydrogenation of a-pyrrolecarboxylic add, proceeds with difficulty, 
but can be accomplished in acid alcoholic solution by means of platinum 
oxide activated by ferric chloride.*" 

CH CH CH, CHi 

II II -- i I 

CH-NH-C-COja CHrNH-CH-CO*H 


A more convenient process involves the hydrogenation, under high pres- 
sure in the presence of Raney nickel, of the 1,2-dicarbethoxypyiTole 
obtmned by the action of ethylmagnesium bromide and ethyl chloro- 
carbonate upon pyrrole.*" 


CH CH 

II II 

CH CH 

CH, CH, CH, CH, 

II II 

CH, CHCOrf:,H, CH CHCOiH 

I 

CO,C,H» 


CsHsM^r 


^ ClCOrf^H, 
> 


-CH 


CH CH 

\n/ 


CH CCO,C,Hs 

\n/ 


MgBr 


CO,CJB[j 


Pyrrolidonecarboxylic ester yields proline on reduction with sodium 
and alcohol.*" 

An interesting synthesis starts from a-piperidone.*" 


CH^H,-CH, 
CHr-NH— CO 


CHfCHr^CI, 


HiO 


CHr-N^CCl 

CHrCHrCCl, NaH, 

I I ■ 

CHr-NH, COdI 


CH2rCH2“CC3t 

I I ■ 

CHrNH-CO 
CHrCH,v 


> I >CH-CO,H 

CHrNH/ 


Like other amino adds, proline yields an ester hydrochloride on boil- 
ing with alcoholic hydrogen chloride. The free esters of proline are 

“‘Putokhin, J. Russ. Phys.-Chsm. Soe., a, 2209 (1930) [C. A., IS, 3996 (1931)]. 

*" SiBnaigo and Adkins, /. Am. Chsm. Soe., 58, 1122 (1936). 

*** Fischer and Boehner, Bsr., M, 1332 (1911). 

*** Heymons, Bsr., 66, 846 (1933). 



OBOANIC CHEMISTRY 


1120 

unstable and spontaneously lose the elements of alcohol to yield the 
laicyclic diketopiperazine, proline anhydride.*” 

CHrCHr-N-<X)— CH-CHi-CHi 

i I I I 

CHi, CH-CO-N CH, 

On methylation, proline is converted into its betaine, stachydrine, 
the picrate, mercuriehloride, and aurichloride of which are sparingly 
soluble and afford a form in which proline can be quantitatively esti- 
mated.*** Stachydrine, when heated under reduced pressure at 235®, 
passes over into the isomeric methyl ester of hygric acid.*** 

CHrCHi\ + CHsr-CHr.,^ 

1 >N(CH,),?=i I >NCH, 

CHr-CH / CH*-CH / 

I I 

COj- COsCH, 


Serine. Z(+)-Serine, which is dextrorotatory in acid solution but 
levorotatory in water, occurs in proteins of both animal and vegetable 
origin, and appears to be a constituent, together with ethanolamine, of 
cephalin.**® It has been synthesized by applying the Strecker cyanhydrin 
procedure to glycollaldehyde and, more conveniently, to ethoxyacetalde- 
hyde; ”* in the latter synthesis the final hydrolysis is effected with hydro- 
bromic acid to remove the ethyl group. Serine has also been synthesized 
by the condensation of ethyl hippurate with ethyl formate, with subse- 
quent reduction and hydrolysis,*” 


HCOjEt -J- 


NH-COC»Hs 

CHj-€OJEt 


EtoN* NH-COC#H( 

>• I > 

HCO-CH-CO*Et 

NH-COC,Hj NH, 

I - I 

HOCHir-CH-CO*Et HOCHj-CH-COjH 


and from methyl acrylate *®* by the following series of reactions: 

Kapfhammer and Mattbea, Z. physiol, Chem., S2S, 43 (1934). 

>** Knceland, Ber., 43, 2962 <1909) ; Z. physiol. Chem., UO, 130 (1922). 

»** Scbulze and Trier, ibid., 67, 69 (1910) ; Trier, ibid., 67, 324 (1910). 

*“ Foleh and Schneider, J. Biol. Chem., 187, 51 (1941). 
x» Dunn, Redemann, and Smith, ibid., 104, 611 (1934). 

Erlonmeyer and Stoop, Ann., 837, 238 (1904). 

Schllti and C^ter, J. BM. Chem., 116, 793 (1936) ; Charter and Weft, “Chsanje 
^ynthfisee,” Jtdin Wilejr & Sona, Neur York (1940), Vol. 20, p. 81. 
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CH 


Hg(OCOCHi)s + CH|OH 


CHiOCH, 
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CHaOCH, 

1 

CHHgOCOCH, ► CHH^r 

1 I 

COjCH, CX)»CH, 

CHjOCH, CHjOCH, CHK)H 

I NaOH; HaSOi I NH. I HBt: BiO: NHi I 

CHBr 4 CHBr 4 CHNHa — V CHNH* 


COaCH, 

CHaOCH, 


CX)aCH, 


CO;^ 


CO»H 


COjH 


A variant of the second synthesis involves the preparation of etliyl a- 
bromo-/3-ethoxypropionate by the action of sodium ethoxide on ethyl 
a,/3-dibromopropionate.*** 

The resolution of racemic serine has been effected by fractional crys- 
tallization of alkaloid salts of its p-nitrobenzoyl derivative.®® The con- 
figurational relationship of the natural l(+) variety of serine to natural 
Z(-l-) alanine has been established “* by direct conversion. 


NHj 

I 

HOCHr-CH-COja 


NHjHCl NH 2 HCI 

I — > I ^ 

HOCHj-CH-COiCH, ClCHj-CH-COjCHs 

NH* 

1 

CHrCH-CO,H 


f-Seiine has been produced from 1-asparagine by the following series 


of reactions: 


COsH 

CO,H 

COjH 

1 Nsoa, Ha 1 Ha 

CrH,OCO-NH-(I)-H > C,HKXX)— N— <>H — > 

NHr^H 

c;h, 

I 


<!)H,NH. 

CONH, 



CO,H 

C,H,OCO-NH-i-H 

X) — CO 

1 

CO,CH. 

NHr-i-H 

1 

CtHiOCO-NH-<!;H, 

C 7 H 70 cx)nh-(!)h, C 7 H 7 OCONH-CT, 

CX),CH, 

CO,CH, 

COJI 

CJ1,C0NH-<!>-H - 

1 

H. Pt 1 HNOj 

Cai»CONH-C-H 

^ NHi-i-H 
^HiOH 

CiHtOCO-NH-CH, 



*** Wood and du Vigoeaud, J. Biol. Chenu, 134, 413 ( 1940 ). 
•“Fifloher and Jacobs, Ber., 89, 2942 ( 1906 ). 

•«* Fiachar and Raske, Btr., 40, 3717 ( 1907 ) ; 41, 893 ( 1908 ). 
Schneider, Ann., 629 , 1 ( 1937 ). 
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Oq boiling vitb sulfuric acid, serine slowly breaks down into ammonia 
and pyruvic acid;**' ** 

HOCHr-CH(NHi)-COjH CHi=»C(NH8)-CO^ 

CHrC(=NH)-CO»H -> CHrCO-CO»H + NH, 


This change occurs more readily in alkaline solution but is complicated 
by side reactions which lead to the production of oxalic acid, lactic acid, 
alanine and glycine. The formation of glycine has been attributed to 
a reaction analogous to reversal of aldolization, which takes place more 
smoothly with phenylserine.** 

C»Hs-CHOH-CH(NH,)-COiH -♦ CdHjCHO + CHj(NHj)-CO»H 


The conversion of serine to pyruvic acid has also been effected by 
reactions in which intermediate products have been isolated; “ either 
by dehydration and subsequent acid hydrolysis of an azlactone; 


HOCHr-CH-NH, 

<!x),h 


HOCHrCH-NH-CX)-CH, 

<!;o,h 

CHf===C-N===<)-CH. 

<!x) — i 


HOCHj-CH-N=C-CH, 

io — (!) 


CH.(30 


io,: 




+ NH, + CH.CO,H 


or by alkaline hydrolysis of the phenylhydantoin. 

On treatment with nitrous acid serine yields, besides glyceric acid, 
small quantities of acetaldehyde.** It is quantitatively oxidized to form- 
aldehyde by periodic acid by way of glycollaldehyde.** 

A phosphorus-containing amino acid having the composition of 
serine-phosphoric acid, 

CH(NH2)-C0,H 

I 

CHK)P0{0H)2 

has been isolated from the products of acid hydrolysis of vitellic acid, 
a hydrolysis product of the protrins of vitellin (from egg yolk) and 
casein.*“ The compound, which is slowly hydrolyzed in acid, rapidly in 

*“ Erimm^srer, Ber., 85, 3769 (1902). 

** Betteieche, Z. phyaioL Chtm., ISO, 177 (1926). 

Daft and CogUtt, J. BM. Chan., 00, 341 (1931). 

*“ NIodtet, Science, 74, 250 (1931). 

*» Bergmann and Delis, Ann., 458, 76 (1927). 

NiocAet and Shinn, J, Am. Chan. Boo., 81, 1616 (1939). 

liBvane and ooUaboTatora, /. Biol. Chan., 08, 109 (1932) ; 108, 637 (1933) ; 105, 
647; 108, 696 (1934). 

«* lipmoan. Biochan. Z.. SOI, 3, 9 (1933). 
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alkaline solution, has been synthesused by the action of phoei^rus pen- 
toxide in phosphoric acid upon dl-serine, followed by resolution of the 
brucine salts. 

Threonine. A homolog of serine, a-amino-jS-hydroxybutyric add, is 
a constituent amino acid of many proteins, and is indispensable for 
growth in the diet of the rat.®‘* On reduction with hydrioic acid and 
phosphorus it yields the l(+)-a-amino-n-butyric acid identical with that 
obtained from biolo^cal material. On oxidation successively with chlo- 
ramine T and with bromine it is converted into d{ — )-lactio acid.*” 


CO,H 

I 

NH-r-C— H 

I ^ 

CH, 

I 

CH, 


COjH 

I 

NHr-O— H 

I 

H— C— OH 

I 

CH, 


CHO 

CM T „ I Br, 

> H— C— OH —4 


CH, 


COjJi 

I 

H— C— OH 

I 

CH, 


The constitution thereby established is supported by the behavior with 
nitrous acid, which with a-amino acids brings about the replacement 
of amino by hydroxyl groups without Walden inversion: *** the threo- 
dihydroxybutyric acid corresponding to d(— )-threose is produced. It 
is proposed that the natural a-amino-^hydroxybutyric add, although 
its configuration at the a carbon atom is that of other natural amino 
acids, be termed d(— )-threonine so as to show the stereochemical relar 
tionship of the grouping at the p position to that of (i(— )-threose. 

Natural threonine has been synthesized *” from crotonic add by a 
process similar to that employed for serine (p. 1121). 
CHrOH-=CH-COai -» CHr^ CH-COijH -*• 

I I 

OCH, HgBr 

CHirCH CH-CO)dI -» CHrCH CH-CO,H 

II II 

OCH, Br OCH, NH, 


The resulting dl-O-methylthreonine and di-O-methylallothreonine were 
separated after acylation, and each racemic product resolved by means 
of brucine. The four stereoisomers so secured were demethylated to the 
corresponding threonines by boiling with hydrobromic add. 

In a second synthesis,**® acetaldehyde and hippuric add were con- 
densed in the presence of acetic anhydride, and the resulting azlactone 

MoCoy, Meyer, and Rose, Bwl. Chenu, lU. 283 (1935). 

Meyer and Rose, iWd., 115, 721 (1986). 

«i Levena, Chem. Ret., 8, 179 (1926). 

West and Carter, J. BM. Chem., 119, 103, 109 (1937). 

>»> Carter, Handler, and Melville, Md., 199 , 359 (1939). 
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«as converted into the methyl ester of N-benzoyl-O-methylthreonine by 
the action of sodium methoxide: 


CHsCHO + CHrCX)2H . . q CH*-CH=C ^0 

I I ^ 

N=<!< 


NHCOC«Hs 


XJsH, 


CHjONa 
> 


COsCH, COsCHs 

I I 

C«HsCONH-C-H H-C-NHCOCeHs 

I + I 

H-C-OCH, CH3O-C-H 

I I 

CH, CH, 


In this synthesis, very little of the allothreonine derivative (from which 
no natural threonine can be secured on hydrolysis and demethylation) is 
formed. 

An azlactone identical with the above is formed on treating the 
benzoyl derivative of either threonine, allothreonine, or their methyl 
ethers with acetic anhydride or with pyridine and benzoyl chloride in 
the cold; on the other hand, when N-benzoyl-O-methylallothreonine is 
treated in acetic acid with acetic anhydride, a second, isomeric, azlactone 
is simultaneously formed. These isomers, which are of the cis and trans 
varieties, yield on hydrolysis the corresponding geometrically isomeric 
benzoyl-o-aminocrotonic acids. 

Threonine is oxidized by periodic acid, with formation of acetalde- 
hyde.*** On methylation, threonine and allothreonine yield betaines 
which on treatment with alkali undergo retrograde aldolization, yielding 
acetaldehyde and the betaine of glycine.*** 

N(CH3)3 N(CH,), 

I I 

CH,-CHOH-CH-COj~ CH,CHO - 1 - CHr-COj- 

Hydroxyglutamic Acid. The dicarboxylic acid fractions of hydrolyzed 
casein and zein have been shown by Dakin *** to contain, besides aspartic 
and glutamic acid, a (+)-hydroxyglutamic acid, which is weakly dextro- 
rotatory in water and more strongly so in acid. It appears to be a con- 
stituent of a phcffiphopeptone from casein.*** Owing to the technical dif- 
ficulties involved in its isolation *** the natural product has received little 
attention. 

Carter end MdviUe, ibid., 138, 109 (1940). 

Dakin, Biochem. J,, U, 290 (IdlS); Z, phj/iiol. Chem., 130, 159 (1923). 

Bitnington, Bioehem. J., 31, 1179, 1187 (1927). 

*** OuUand and Moms, J. Chem. Soc., 1644 (1934). 
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Two syntheses of inactive /S-hydroxyglutamic acid have been devised. 
The first of these starts with glutamic acid. 


COjH 

1 

CHNH* 

1 

CO-NHv 

1 ^ 
ch-nh/ 

CO-NHv 

1 Vo 

CH-NH/ 

1 „ KOCN, Ha 

CHj > 

1 ‘ 

1 Bn 

CHj 

1 

CHBr 

CHs 

1 

1 

CHs 

1 

CHa 

COjH 

1 

COsH 

1 

CO 2 H 


HsO 


CO-NHv 

1 }co 

ch-nh/ 

I 

CH 

II 

CH 

I 

CO 2 H 


Ba(OH)s 


COjH 

I 

CH-NHs 

I 

CHOH 

I 

CHj 

1 

COjH 


The second, and more convenient, synthesis involves the catalytic 
reduction of ethyl isonitrosoacetonedicarboxylate: 


C02Et 

C02Et 

COzEt 

COsH 

1 

CH 2 

1 

C=NOH 

1 

1 

CHNHz 

I 

CHNHs 

I 

CO -> 

1 

CO 

1 

CHOH 

1 

cmB. 

1 

CH 2 

1 

CH 2 

CH 2 

1 

1 

CHs 

1 

COaEt 

1 

COzEt 

1 

COzEt 

I 

COsH 


The synthetic product consists of a mixture of two racemic diastereoiso- 
mers, the separation of which has not been accomplished. 

Hydroxyproline. Z(— )-7-Hydroxyproline, which has been stated ^ 
to occur in combination in proteins of animal, but rarely in those of v^eta- 
ble origj^n, resembles proline in its solubility in alcohols. Its copper salt, 
soluble in methyl alcohol, differs from that of proline by being insoluble 
in absolute ethyl alcohol.*^ Like proline, hydroxyproline is precipitable 
by Reinecke salt; on the other hand, the rhodanilate is soluble. 

“• Dakin, Biochem. J., IS, 398 (1919). 

Harineton and Randail, ibid., SB, 1917 (1931). 

Spftrer and Eapfhammer, Z. physiol, Chsm., 187, 84 (1930). 

”» Klabunde. J. Biol. Chem., 90, 293 (1931)., 
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Its relation to proline was ascert^ed by I^0(dier, at the time of its 
discovery,®* by its conversion into proline on heating with phosphorus 
and hyxiriodic acid. Tbe position of the hydroxyl group was subse- 
quently established by synthesis.*® 

0 ClCIU-CH-CHrCH-CO*Et „ 

/\ 4 - CHNa(COJEt), -*•11 

aCHrCH-CH, 0 CO 

ClCHr<3H-CHrCCl-CO,Et ClCH*-CH-CHr-CHCl 


HOCH-CHrCH-COjH 

The resulting inactive mixture of diastereoisomers was separated, by 
crystallization of the copper salts, into two racemic compounds. One 
of these was converted into the phenylhydantoic acid; the quinine salt 
of this on fractional crystallization 3delded a product identical with the 
corresponding derivative of the natural amino acid. 

CH, N-CONHC,H, CH, NH 

I I -l-NH,-* I I +NH,CONHC,H, 

HOCH-CHHbH-CXI.H HOCH-CH*-CH-COJH 

In a similar S3rathesis, subsequently performed,*” the terminal chlorine 
atom was exchanged for an amino group prior to bromination at the a 
position. 

On treatment with sodium hypochlorite, hydroxyproline yields a 
volatile product which gives color reactions with dimethylaminobenzal- 
dehyde and with isatin.*** This is pyrrole.*** 

CHj-NH-CH-CCbH CH-NH-CH 

I I -^11 II + CO* 

HOCH CHi CH CH 

Tyrosine. I(— )-Tyrosine is very widely distributed as a protein 
Ctomponent; however, it is not present in gelatin. Its presence, in com- 
bination, is mainly responsible for the yellow color developed by proteins 
with nitric acid followed by ammonia or alkali (xanthoproteic reaction), 
and the pink color produced by Millon’s reagent (a solution of mercurous 
nitrate in nitric acid). The Milton test is characteristic for phenols con- 

“• Fisehw. Bot.. 88. 2660 (1902). 

**• Leucbs and ooUaboraton, Ber., 88, 1937 (1006) ; 41, 1726 (1908) ; 48, 1960 (1912) ; 
48 , 086 (1913). 

*“Traube, Jobow, and Tepohl, B«r., M, 1861 (1923). 

***l4Uia, Z. phyaiA. Chein.i 819^ 148 (1933). 

*** WaUscbmidt-Leitz and Akabori, HM., S84, 187 (1034). 



NATUBAL AMINO ACIDS 


1127 


taming a free ortho position. Tyrone also yields a red color on iseah- 
ment in alkaline solution -with (Uazobensenesulfonic add ^ and green 
or red colors with sulfuric acid solutions of formaldehyde or acetaldehyde 
respectively.***' *•• Quantitative color teste, applicable to the estimation 
of small quantities of tyrosine, depend upon the formation of a blue color 
with alkaline phosphomolybdate solution **^ and upon a standardized ap- 
plication of Millon’s test.*** 

The biochemical conversion of phenylalanine into tyrosine in normal 
rats has been unequivocally demonstrated *** by the isolation of tyrosine 
containing deuterium in the aromatic nucleus from the bodies of aninuds, 
the normal diet of which had been supplemented by deuterophenyl- 
alanine. 

The synthesis of dl-tyroeine has been accomplished by the hippuric 
acid method**® and by the introduction of hydroxyl into phenylala- 
nine ^ by successive nitration, reduction, and diazotization. This sec- 
ond method is of interest as exemplif 3 nng the possibility of diazotizing 
an amino group attached to an aromatic nucleus without affecting an- 
other present in a side chain. 

When heated under reduced pressure, or better in a mixture of di- 
phenylmethane and diphenylamine at 260-265° under atmospheric pres- 
sure,*® tyrosine loses carbon dioxide with formation of tyramine (fi-p- 
hydroxyphenylethylamine) . 

The configurational relationship of natural 1(— )-tyrosine to other 
amino acids has been confirmed by oxidation of the N-benzoyl deriva- 
tive, which yields the benzoyl derivative of natural I-aspartic add.*** 

C.H«OH COsH 

CH, CH, 

I I 

H— C— NHCOC»Hs H-C— NHCXICjH* 

i I 

COjH COtH 

When tyrosine is subjected to the action of air in presence of the 
enzyme tyrosinase, which is found in many animal and v^etable 

*« Paidy, ibid., 41, 608 (1904). 

Denlg^ Compt, rend., 180. 683 (1900) ; BuU, toe, chin,, [4] 3. 730 (1908). 

•" MOmer, Z. pkutM. Chem., 87, 86 (1902). 

Folin uid Marenii, J, Biol, Chem., 88, 89 (1929). 

Folin and Ciooalteu, ibid., 73, 827 (1927). 

*** Moss and Sohoenheimer, Ond., ISO, 416 (1940). 

MO Erlenmeyer and Halsey, Ann., 807, 138 (1899). 

Erlenmeyer and Lipp, Ann., 819, 161 (1883). 

*** Goldsohmidt and Freyas, Ber., M, 784 (1933). 
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issues (e.g., meaiwtaisas or potatoes), oxidation occurs, a dark amor* 
phous, weakly acidic pigment called melanin being formed as the final 
product. Of the series of reactions which takes place, the first is the 
introduction of a hydroxyl group in the position ortho to that in the 
tyrosine.*® The product, Z(— )-3,4-dihydrox3T)henylalanine, has been 
isolated from extracts of various vegetable and animal tissues, but has 
never been obtained from protein hydrolysates. The racemic variety, 
synthesized by standard processes, has been resolved into its optically 
active components by crystallizing the brucine salts of the acetyl deriva- 
tive prepared by hydrogenating the condensation product of protocate- 
chualdehyde and acetylglycine.*® 

Being an o-dihydroxylic phenol, dihydroxyphenylalanine is readily 
autoxidizable in alkaline solution, or in neutral solution in the presence 
of a specific oxidase, with formation of melanin. Apparently the only 
reaction specifically induced by tyrosinase is the introduction of the 
hydroxyl group; this reaction, however, also takes place with other 
phenols. Raper *®’ *® has shown that the production of me lanin involves 
the intermediate formation of derivatives of indole. 


a CH, 

CH(NHs)-COjH 


Tyroeme 


CH(NH2)-C0,H 

3,4-Dihydioxyph«nylalaiiuue 



The first two st^ in the above system require the presence of 
enzymes, the subsequent reactions do not.*® The chemical nature of 
melanin is still obscure; it appears to represent a further stage in the 
oxidation o/ 5,6-dihydroxyindole. Melanin or similar products are 
formed, though more slowly, by the action of tyrosinase upon substances 

**• Raper, Biochem. J., Vt, 735 (1926). 

HarinKton and Randall, ibid., 35, 1028 (1931). 

»• Raper and ct^aboratora, ibid., tt, 86, 1370 (1027) ; 39, 76 (1935). 

"• Evans and Raper, ibid., 81, 2162 (1937). 
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such as tyramine and N-methyltyrosine, closely allied to tyrosine. Tyro- 
sol 03-p-hydrox3T)henylethanol) yields a red product, presumably an o- 
quinone. 

Like other phenols, tyrosine responds readily to substitution, yielding 
with chlorine or bromine the corresponding dihalogenated tyrosine. Di- 
bromotyrosine gives no color with Millon’s reagent, diazo compounds, 
or formaldehyde in sulfuric acid, but responds to the phosphomolybdate, 
ninhydiin (p. 1099), and xanthoproteic tests. Its isolation from the prod- 
ucts of alkaline hydrolysis of a Norwegian coral has been reported.®*’ 

3,5-Diiodotyrosine (iodogorgoic acid), which can be synthesized by 
the action of iodine upon tyrosine in weakly alkaline solution,®*® is also 
present, in combined form, in proteins which have been artificially iodi- 
nated ®*® and in certain natural proteins. It was first isolated ®“ from the 
axial skeleton of a coral (Gorgonia cavolini), later from sponge®®’’®®® 
and from thyroglobulin, the iodine-containing protein of the thyroid 
gland.®®®’ ®®* 

Diiodotyrosine breaks down, with loss of iodine, in boiling acid solu- 
tion, but is stable to alkali; hydrolysis of iodine-containing proteins 
by barium hydroxide leads to racemization, and the product, though it 
closely resembles that obtained by iodination of Ltyrosine, actually is 
identical with the racemic variety.®®® The natural isomer, however, has 
been obtained ®'* by enzymatic hydrolysis of thyroglobulin. 

Thyroxine. This iodine-containing amino acid, which exerts the 
stimulating effect on metabolism characteristic of thyroglobulin, was first 
isolated by Kendall ®®’ from an alkali hydrolysate of thyroid substance. 
Its composition and constitution were determined by Harington,*®® who 
first established the identity of thyronine (the iodine-free product ob- 
tained by catalytic reduction) with the synthetic p-hydroxyphenyl ether 
of tyrosine, 

CO,H 

MSroer, Z. physiol. Chan., 88, 140 (1913). 

*** Whieler and Jamloeon, Am. Chem. J., S3, 365 (1905). 

Oswald, Z. physiol. Chan., 70. 310 (1910) ; 71, 200 ; 74, 290 (1911). 

«» Dreehsel, Z. Biol., S3, 85 (1896). 

Wheeler and Mendel, J. Biol. Chan., 7. 1 (1909). 

Oswald, Z. physiol. Chan., 70, 353 (1911). 

Harington and Randall, Biochan. J,,S3, 373 (1929) . 

•M Foster, J. Biol. Chan., 83, 345 (1929). 

*** Henze, Z. physiol. Chem., 61, 64 (1907). 

zBs Harington and Randall, Biodtsm. J., 30, 1033 (1931). 

KradaU, J. Am. Med. Assoe., 64 , 2042 (1916) ; /. Biol. Chem., 39 , 125 (1919). 

ess Harington, Biodum. J., 30, 393, 300 (1926). 
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and subeequently, '«rith Barger,^ aynthesiaed thyroxine itsdf by coa> 
d^mang tiie aldehyde obtained by the foQowing ateps: 

NO, 

-‘=xa7’‘- 

with hippuric acid, reducing and demethylating the product by heating 
with hydxiodic acid and phosphorus, and finally iodinating the phenolic 
group. 

The racemic thyroxine so prepared was identical with that obtained 
from thyroid, for the instability of th 3 rroxine toward boiling acids ren- 
dered necessary the use of barium hydroxide as hydrolysant, with conse- 
quent racemization. The optically active isomers were prepared by 
resolution of the formyl derivative of 3,5-<liiodothyronine (the product of 
the penultimate step in the above S 3 mthe 8 is) followed by hydrolysis and 
iodination. Of these, the levorotatory variety has the same configuration 
as natural Z(~)-tyroaine; this rdationship was established by com- 
parison of the corresponding thyronine with a sample synthesized from 
N-benzoyl-l-tyrosine ester and 3,4,5-triiodonitrobenzene, with subse- 
quent removal of the iodine atoms by hydrogen and palladium, and re- 
placement of the amino (originally nitro) group by hydroxyl. 

Enzymatic hydrolysis of thyroglobulin leads to 1-thyroxine which 
is twice as active physiologically as the racemic product.*** The same 
relation holds between the respective potencies of thyroxine in naturally 
combined form (thyroid protein) and dt-thyroxine, from which it appears 
probable that the physiological activity of the latter is due almost en- 
tirely to the leva component. The observation of some activity in d- 
thyroxine may conceivably be attributable to its biological conversion to 
i'^^yroxine through the corresponding a-keto acid, which has been 
shown®** to exert, though to a lower degree, the specific physiological 
action of thyroxine. 

.Cysteine and Cystine. Hieae sulfur-containing amino acids, struc- 
turally closdy related to serine, occur almost universally in proteins; 
in gelatin,, however, they ue present only in traces. Although they are 

«* Eoiington and Barger, ibii., SI, ISO (1027). 

MO Harington and eoUaboratore, ibid., SS, 1420 (1028) ; S8, 68 (1034). 

>« Harington and Salter, ibid., 84. 456 (1930). 

*‘®S'ostw, Babner, and Ldand, J, Biol, Chem., 110, 467 (1036). 

*** Canaanetti, GKiild, and Harington, Biookam. SO, 1617 (1030). 
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readily interoonvertible, it has been found possible,* by iJie applicatioo 
of principles discussed below, to demonstrate the extent to which the 
one or the other is present in a given protein or its hydrolysate. 

Cystine is found as such in the urine of persons subject to the obscure 
metabolic disturbance known as cystinuria, and it forms the major con- 
stituent of the urinary calculi often associated with this condition. 

K+)’Cysteine has been synthesized by the action of phosphorus pen- 
tasulfide on benzoylserine ester, followed by hydrolysis, and from serine 
ester hydrochloride by successive treatment with phosphorus pentathlo- 
ride and barium hydrosulfide.®** The C 3 rsteine so produced from natural 
serine yields on gentle oxidation the natural, levorotatory l-cystine. 

A convenient synthesis of the racemic variety of cysteine has been 
devised by Wood and du Vigneaud.®“ Chloromethyl benzyl sulfide, 
from benzyl mercaptan, formaldehyde, and hydrogen chloride, is con- 
densed with phthalimidomalonic ester (p. 1105) ; the product on hydroly- 
sis yields S-benzyl-df-cysteine, 


CJElsCHsSH 4- CHjO -t- HCl CeHsCHjSCHsCl 


C»H6CH*SCHsC(COsCjH6)jN<^^^^,H 4 C*H6CHiSCHsCH(NH*)CO*H 


from which the benzyl group is removed by sodium in liquid ammonia: 
CHsSCHsCeH* CHjSNa 

I i 

2CHNH2 “h 2 Na — > 2CHNH2 4 " CoHeCHBCHaCflHft 

I i 

C02H C02H 

The interconversion of cysteine and cystine 

CHi^H CHr-S S-CH, 

i o I I 

2H— C— NH, H— C— NH* H— C— NHj 

I “ I I 

COsH CO,H CO»H 

is a thermodynamically reversible process, the oxidation-reduction po- 
tential of which is apparently characteristic of the general system 

2H + RS-SR 2RSH 

and independent of the nature of the group R.®** 

*•* Fischer and Raske, Ber., 41, 893 (1908). 

Wood and du Vignasud, J. Biol. ISl, 267 (1939). 

Fruton and Clarke, ibid., 106, 667 (1934). 
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Beduction of cystine to cysteine is readily effected, in acid solutions, 
ly means of tin or zinc; in neutral or alkaline solutions an excess of 
another sulfhydiyl compound, such as thioglycollic acid, may be em- 
ployed for the reduction of the disulfide Unk^e in proteins.*” 

USSR + 2R'SH ^ 2RSH + R'SSR' 

For preparative purposes, the action of metallic sodium in liquid am- 
monia is often convenient.*** 

Oxidation of cysteine to cystine may be effected by oxygen in faintly 
alkaline solution, a reaction catalyzed by traces of salts of iron and other 
metals which form autoxidizable complexes with cysteine.*® It can also 
be carried out in acid solution by means of iodine; this reaction forms the 
basis of a method for the quantitative estimation of cysteine.*™ 

When dl-cysteine is oxidized to the disulfide, or when 1-cystine is 
racemized by prolonged boiling with hydrochloric acid,*** the resulting 
optically inactive cystine consists of a mixture of the racemic and meso 
varieties.*** Only the former can be resolved into active components: 


nrs r'lT .. o o r'u mj q c r'U. 



(tf-Cyetioe me^o^yetme 


With bromine water, the sulfur atoms in cysteine (and cystine) are 
rapidly oxidized to sulfonic acid groups, with production of cysteic acid. 

H0aS-CHrCH(NH2)-C02H 

The same reaction takes place, relatively slowly, with iodine.*** 

Intermediate oxidation products have been isolated. By the action 
of perbenzoic acid in acetonitrile, cystine perchlorate is converted into 
a disulfoxide, which is reduced to cystine by hydriodic acid and oxidized 
to cysteic acid by excess of iodine. In acid solution, spontaneous dismu- 

*** du Vigneaud and collaborators, ibid., 94, 233 (1931) ; Goddard and Michaelis, ibid., 
112, 361 (1936). 

du Yigneaud, Audiietb, and Loring, J. Am. Chem. Soc., #2, 4500 (1930). 

*** Michsdis and Schubert, ibid., 63, 4418 (1930) ; 83, 3861 (1931) ; Schubert, ibid., 
64, 4077 (1932). 

®™Okuda, JT. Biol. Chem, (Japan), 6, 207 (1926); Proc. Imp. Acad. (Tokyo), 6, 246 
(1929); Lavine, J. Biol. Chem., 109, 141 (1936). 

*** Hofimann and Gortner, J. Am, Chem. 8oc., 44, 341 (1922) . 

*** du Vigneaud and collaborators, J. Biol, Chem., 94,]_243 (1931) ; 98, 677 (1932) ; 
103, 287 (1933); 107, 267 (1934). 

**’ Friedmann, Beitr. chem. Phynol. Path., S, 27 (1003) ; Yamasaki, J. Biochem. (Japan), 
U, 207 (1930). 
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tation of the disulfoxide occurs with formation of cystine and a sul- 
finio acid, 

HO*8~CH*-CH(NH2)-COiH 

which is also formed by the action of hydrogen peroxide upon the 
complex potassium cobalto biscysteinate.”* The dismutation of the di- 
sulfoxide, which is paralleled by the actions of p-thiocresol and sodium 
cyanide, 

2 RS 0 -S 0 R + 2C7H7SH -> RS-SR + 2RSO2H + C7H7S-SC7H7 
RSO-SOR + NaCN RSCN + RSO2H 
possibly involves a highly reactive and unstable sulfenic acid. 

RSO-SOR + H2O -♦ RSO2H + RSOH 
2 RSOH -> RSH + RSO2H 
RSOH + RSH RS-SR 

The reaction between cysteine and the hypothetical sulfenic acid ap- 
pears to form one aspect of an equilibrium reaction undergone by cystine 
and other disulfides, especially in alkaline solution.^® 

RSSR + H2O RSH 4 - RSOH 

This equilibrium ^ serves to explain the behavior of cystine toward 
RSSR + NaCN RSNa + RSCN 

and sulfite.^ 

RSSR 4 - NajSO, RSNa 4 - RSSOjNa 

Like other thiol compounds, cysteine forms water-insoluble deriva- 
tives with silver, mercury, and cuprous copper. Such precipitates are 
also produced from cystine; with silver and mercuric ions, reduction of 
the disulfide linkage takes place at the expense of a portion (about one- 
sixth) which is not precipitated but appears as cysteic acid; with excess 
of cuprous chloride, on the other hand, a quantitative yield is obtainable 
as the disulfide linkage is reduced by the cuprous ion.**’ 

Toennies and Lavine, J. Biol. Chem. 113, 671, 583 (1936). 

Schubert, J. Am. Chem. Soc., 66 , 3336 (1933) . 

Sohftbwl and ooUaborators, Ann., 607, 111 (1933) ; Ber., 67, 1545 (1934) ; Naiur- 
wissentchaften, 24, 391 (1935). 

>r7 ghinohara and Kilpatrick, J. Biol. Chem,, 106, 241 (1934). 

Mauthner, Z. physiol. Chem., 78, 28 (1912) ; Pulewka and Winzor, Arch. expU. Path. 
Pharmakol., 138, 164 (1928). 

Clarke, J. Biol. Chem., 97, 236 (1932). 

Vickery and Leavenworth, ibid., 86, 129 (1930) ; Simonaen, ibid., 94, 323 (1931). 
Rossouw and Wilken-Jorden, Biochem. J., 88, 219 (1935); j^Lucas and Beveridce, 
ibid., 34, 1356 (1940). 
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In colorifiwtric methods for the analytic^ estimation of cystine tiie 
first step consists in the rupture of the disulfide linkage to produce 
cysteine. The procedures elaborated by Folin,*” and the modifications 
of these,*® depend upon the blue color produced by the action of cysteine 
(and other sulfhydryl compounds) upon phosphotungstic acid. Lugg *“ 
has shown that the intensity of this color from pure cysteine alone is the 
same as that from a corresponding quantity of cystine in presence of 
sodium sulfite in excess; cysteine with sulfite sdelds twice the intensity. 
From this it is clear that, by the oxidizing action of the phosphotungstic 
reagent in the presence of sulfite, all the cystine (or cysteine) is ultimately 
converted into the non-reducing thiosulfonic derivative: 


USSR + RSSR 


MasSO, 
)• 


T 

RSSR < 


PW aoid 


2RSH + 2RSSOsNa 

I 

2RSH 


The development of sulfhydryl compounds of a characteristic purple 
color with nitroprusside has been applied to the estimation of cystine.*®^ 
In this case the disulfide linkage is opened by double decomposition with 
cyanide. 

More specific is the process of Sullivan.*® In this, cystine is treated 
successively with cyanide and l,2-naphthoquinone-4-sulfonic acid; the 
color developed by cysteine is not, in contrast to that from other amino 
acids, discharged on addition of sodium hydrosulfite. As in the Folin 
process, cysteine yields twice the color intensity furnished by cystine.*® 
Slight variations in technique affect the color intensity. Under certain 
conditions exposure of the final solution to air leads to increase in color; *” 
it seems possible that the reaction may involve an autoxidizable leuco 
derivative. A color reaction, possibly analogous to the preceding, is 
given by cysteine with o-benzoquinone.*** 

Derivatives of cysteine in which the sulfhydryl hydrogen atom is 
r^laced by alkyl groups are of course devoid of actual or potential 
redudng properties and do not respond to the specific color tests. They 
may conveniently be synthesized by the action of alkyl halides upon the 
sodium derivative of cysteine in aqueous “* or liquid ammonia **® solu- 

*«Tomps^t, ibid., 2014 (1931); ShinohMa, J. BM. Chem., 109, 666 (1936). 

u* Lugg, Bioehtm. J., M, 2144 (1932). 

“♦Brand, Harris, and BUoon, J. Biol. Chem., 86, 316 (1930). 

“♦ SuUivan, V. 8. Piib. Eealth BepUi., 41, 1030 (1926) ; 44, 1421 (1929) ; SulUvan and 
Hess, Aid.. 44, 1699 (1929). 

“* Lugg, Biochem. J., 37, 668 (1933). 

“'BushiU, Lampitt, and Baker, ibid., 2S, 1293 (1934). 

*** Oyer and Baudisoh, J. BioL Chem., 95, 483 (1932). 

“*aiarke sod Inouye, Aid., 94, 641 (1931). 

“i>du Vigneaud, Loring, and Craft, Aid., 105, 481 (1934). 
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iion. An interesting member of this series is ?(— )-dienkolic add, preset 
in the Djenkol bean,*” the synth^s of which from {^ystdne has berai-ae* 
complished by the liquid ammonia technique.*** 

CHsSNa CH*S-CHirSCH, 

I I I 

2H-C-NH, + CH,a* -» H-C-NH 2 H-C-NH* 

I I I 

CX)jH COjH COjH 

S-Aryl derivatives of cysteine have been prepared by the action of 
diazo compounds upon cysteine; »*> 2 ® on acetylation they are converted 
into mercapturic acids. Bromobenzene, given by mouth to a dog, is 
excreted in the urine as 1(— )-p-bromophenylmercapturic acid,*** 

CHjrSCsHiBr 

I 

H-C-NHCOCHs 

CO 2 H 

in unstable combination with some unknown compound, possibly a glycu- 
ronic acid. The extent to which the bromobenzene is converted to the 
mercapturic acid depends largely upon the amount of cystine available 
in the body.**® 

f(+)-Cysteine reacts with aqueous formaldehyde to yield l(—)- thia- 
zolidinecarboxylic acid *** 

CHr-S\ 

1 >CH, 

H-C— Nfl/ 

I 

COiH 

in which the basic properties are markedly weaker than in cysteine. 

Like serine, cysteine and cystine break down in hot alkaline solution 
to yield ammonia and pyruvic acid; sulfide is also formed. The decom- 
position is accelerated by the presence of lead oxide, pyruvate, or aro- 
matic aldehydes; acylation also increases the instability towards alkali. 
Nicolet, from a consideration of the behavior of i3-ketonic sulfides toward 
alkali, 

RCO-CHr-CHIt-SR ^ RC(OH)=CH-CHIt-SR ^ RCO-CH==CHR + RSH 

*** van Veen and Hyman, Bee. trae. Aim., B4, 403 (1936) . 

du Vigneaud and Patterson, J. Biol. Chem., 114, 633 (1036). 

*” Friedmann, Beilr. chem. Physiol. Path., 4 , 486 (1904). 

Baumann and Freusse, Ber., U, 806 (1879); Z. yhy^iol. Chem., 6, 309 (1881); 
Jaff6, Ber., 12, 1092 (1879). 

Eapfhammer, Z. physiol. Chem., 116, 302 (1021) ; Muldoon, Sbiple, and Sherwin, 
J. Biol. Chem., 69, 676 (1924). 

Ratner and Clarke, J, Am. Chem. 8oe., 99, 200 (1037). 
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has suggested ^ that the alkaline deGompcHation ctf C3nstane takes the 
h^owing course: 


SH 0 
^rCH-ioH ?=t 


SH OH O 

(!!Ht-0=<l»H HiS + CH^=0-i»I 
I I 

NH, NH, 


CH,CO-COai+NH, 


supporting this view by the sjmthesis of cystmne derivatives from mer- 
captans and unsaturated azlactones or the corresponding open-chain 
esters. 

C«H»CH==C-N=CC(06 

I I + C 7 H 7 SH + EtONa 

CO 0 \ C(dIsCH-CH-NHCOC41* 

; 1 I 

C»H*CH==C-NHC0C«H6 / C 7 H 7 S COjEt 

I + C 7 H 7 SH 

CO»Et 


Methionine. Although it had for many years been evident that sulfur 
must exist in proteins in a form other than that of cystine or cysteine, 
the first definite hint of its nature was afforded in 1914 by the observation 
of Momer **“ that oxidation of proteins with nitric acid leads to the for- 
mation of methanesulfonic acid in yields totally unrelated to their con- 
tent of cystine. That this compound is not formed from pure cystine 
was shown by direct experiment. In 1923 Mueller isolated from pro- 
tein hydrolysates a crystalline amino acid isomeric with ethylcysteine 
but differing from it in being stable to boiling alkali. The same product 
W£is shortly thereafter obtained from yeast by extraction with 80 per cent 
alcohol. Its constitution was established by Barger and Coyne,*" who 
ssmthesized the racemic form by applying the Strecker synthesis to /3- 
methylthiolpropionaldehyde. 

HC2 

CHaSCHi-CTr-CHO + HCN + NH, — > CHJ3CHr-CHr-CH(NH,)— CO^H 

More advantageous syntheses, later developed, involve the application 
of the malonic ester ** and the phthaliminomalonic ester procedures 
to ^chloroethyl methyl sulfide. 

Methionine (levorotatory in water) is now recognized as an almost 
universal constituent of proteins, from which it is liberated by acid hy- 

^ Nioolet, Und., 83, 3066 (1931) ; 88, 196S (1932); J. Biol Chem., 98, 389 (1932). 

>*• Mdrnar, Z. phyriol Chem., 98, 176 (1914). 

Mudler, /. Biol Chem.., 86, 156 (1923). 

X" Baiger and Coyne, Bioehem. 98, 1417 (1928). 

Windue and Marvel, J. Am. Chem. Boo., 89, 2675 (1980). 

** Barger uul Weiohedbrnm, Bloefcem. 98, 997 (1931). 
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drolyi^ and by the action of proteolytic enzymes.*®* Like other mono* 
amino monocarboxylic acids, it is extractable from neutral solution by 
butyl alcohol; it is a frequent contaminant of leucine of protein cai- 
gin,*®* from which it can be separated as a sparingly soluble mercury 
derivative."* 

Methionine stimulates the growth of rats on diets from which cystine 
is absent.** Its biochemical conversion into cystine ^ has been proved 
by the demonstration that radioactive sulfur, when fed to rats in the form 
of methionine, appears in the tissue proteins as radioactive cystine,*®* the 
sulfur atom of which does not exchange with hydrogen sulfide in 
aqueous solution. 

In hot 60 per cent sulfuric acid methionine is converted into homo- 
cystine 

S-CH*-CHj-CH(NH2)-CO!iH 

I 

S-CH!rCHr-CH(NHj)-C04H 

with only slight racemization,*“ and in boiling hydriodic acid it breaks 
down into methyl iodide and the thiolactone of homocysteine, 

CHrCHi-CHNHj GHj-CHrCHNE* 

I I + HI -» CHal + I I 

CHaS COtH S CO 

a reaction which forms the basis for an analytical method for the estima- 
tion of methionine.*” 

Homocystine has been synthesized *’* by the malonic ester method. 
During the early stages of the synthesis, the sulfur atom is protected 
by a benzyl group, which is later removed (as a,/3-diphenylethane and 
toluene) by the action of sodium in liquid ammonia. 

C,H5CHjS-CHz-CH,Cl+NaCH(C03Et), — C,HsCH,S-CHr-CHj-CH(CX)sEt), -> 

Br. NHi 

C.H 3 CHjS-CH 3 -CHr-CH(C 03 H )3 —4 C,H3CH3S-CHr<3Hr-CBr(CO,H), > 

Ns Ot 

C.H,CH,S-CHr-CHj-CH(NH,)-CO,H > HSCHrCHrCHCNH.l-COiH — > 

I— SCHrC)Hr-CH(NH,)-CO,Hl, 

“•Pine, ibid., 16, 1270, 2041 (1932); 27. 202 (1933). 

MueUer, Science, 81. 50 (1936). 

“• Hill and Robson, Biochem. J., SB, 1008 (1934). 

•“• Jackson and Block, J. Biol. Chem., 98, 466 (1932) ; du Vigneaud, Dyer, and Hannon, 
iUd; 101, 719 (1933). 

“•White and Lewis, ibid., 98, 607 (1932); Brand, Cabill, and Harris, ibid., 109, 69 
(1935). 

•“ Tarver and Schmidt, ibid,, ISO, 67 (1939). 

•“ Tuck, J. Chem. Soc., 1292 (1939). 

••• du Vigneaud and collaborators, J. Biol, Chem., 99, 135 (1932) ; 109, 97 (1936). 

Baemstein, ibid., 106, 461 (1934); U6, 24 (1936). 

••* Patterson and du Vigneaud, ibid.. Ill, 393 (1936). 
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The honioGyst^ne, which in the last step is oxidixed to homooystme, is 
stable only in alksdine solution; in the presence of acid it loses water to 
form the thiolactone,*'* which has no reducing action on iodine until the 
ring has been opened by alkali. In hot 60 per cent sulfuric acid homo- 
cysteine undergoes oxidation to homocystine to a greater extent than 
ring closure — a finding which partially explains the formation of homo- 
cystine from methionine. Cold or more dilute sulfuric acid favors thio- 
lactonization. 

Homocystine can be converted into methionine by successively treat- 
ing it in liquid ammonia solution with sodium and methyl iodide.** By 
resolving S-benzylhomocysteine into its optical components and sub- 
jecting the products to the reactions outlined above, it has been possible 
to prepare the active isomers of homocystine and methionine.®^^ 

The higher homologs, homomethionine (n == 3), pentocystine (n = 3), 
hexomethionine (n = 4), and hexocystine (n = 4), 

CH^(CH,)»CH(NH,)COjH [-SCCHsl^CHCNHjjCOjH], 

have been prepared by analogous methods. Unlike the preceding mem- 
bers of the series, none of the four is utilizable for growth in place of 
cystine.**® 

An amino acid to which the constitution 

H0jC-CH(NH*)-CH*-&-CH*-CHrCH(NH2)-C02H 

is ascribed has been isolated from the products of the action of sodium 
sulfide on wool.**' This compoimd, which contains the structures of both 
cysteine and methionine, may be merely an artifact and not a true 
protein component. 

Lysine. The classical methods devised by Kossel and Kutscher,**^ 
for the separation of the three basic amino acids or “hexone bases,” 
form the basis for the modem procedures developed by Vickery *** and 
Block.*** An excess of silver sulfate or nitrate is added to a sulfuric acid 
hydrolysate previously adjusted to pH 3-6 with barium hydroxide, and 
the acidity is further reduced by gradual addition of more barium 

’*' iUegd and du Vicneaud, ibid., IIS, 149 (1936). 

»*du Vieneaud and Patterson, ibid., 109 , 97 (1935). 

’“du VigneMid and collaborators, ibid., 100 , 401 (1934) ; 108 , 73 (1036) ; 130 , 11 (1937). 

'''KUster and Irion, Z. physiol. Chem., 184, 226 (1920). 

Kossel aivd Kutscher, ibid., 31, 165 (1900). 

Vickery and ooUaborators, J. Biol. Chem., 76 , 116 (1927) ; 86 , 107 (1930) ; 93 , 103 
(1931). 

»* Block, ibid., 106, 457 (1934). 
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hydroxide. At pH 7.0-7.4 histidine, at pH 13-14 arginine precipitate, 
as their silver derivatives. Lysine, which remains in the filtrate, is sub- 
sequently thrown down as its phoi^hotimgstate and finally converted 
into the picrate. 

Z(-t-)-Lysine is a fairly general constituent of proteins, though it is 
absent, or nearly so, from alcohol-soluble proteins of vegetable origin. 
In only those proteins which contain lysine can the amino group be 
detected,®^ The lysine appears to be linked with other amino acids 
through its carboxyl and a-amino groups, the terminal group supplying 
practically all the free amino groups ascertainable in proteins by means 
of nitrous acid,®“‘ for the values so obtained correspond closely to one- 
half of those for lysine nitrogen. Moreover, no lysine is obtainable from 
proteins which have been deaminized by nitrous acid.*“ In the reaction 
with nitrous acid (Van Slyke procedure) evolution of nitrogen from pro- 
teins can be almost completely suppressed by chilling to 0-3°; at this 
temperature lysine yields only one-half of its nitrogen, but at 32° yields 
all in 5 minutes. It is the terminal group of lysine which is the less reac- 
tive, for alanine responds readily and completely to nitrous acid at 3°.®^* 
Proteins which have been benzoylated or benzenesulfonylated yield on 
hydrolysis the e-benzoyl ^ and ebenzenesulfonyl derivatives of lysine, 
respectively. 

dZ-Lysine has been synthesized by reducing ethyl o-isonitroso-S- 
cyano valerate with sodium and alcohol; 

NC-CHr-CHj-CHsCl -I- NaCH(CO,Et), NC-CHj-CHirCHr-CH(COsEt)i 

EtONO 

> NCM:HrCHj-CHrC(=NOH)-CO,Et 

N».EtOH _ ^ NHjCHs-CHH::Hr-CHr-CH(NH,)-COsH 

by reduction of the condensation product of 7 -chlorobutyronitrile and 
sodium ethyl phthaliminomalonate, followed by hydrolysis; and from 
benzoylpiperidine by the following steps; 

Kossel and oollaboratora, Z. physiol. Chem., 76, 457 ; 81, 274 (1912). 

Van Slyke aiid Birchard, J. Bwl. Chem., 16, 539 (1914). 

Skraup and Kaaa, Ann., 361, 379 (1906) ; Kossel and Weiss, Z. physiol. Chem., 78, 
402 (1912). 

Sure and Hart, J. Biol. Chem., 31, 627 (1917). 

Goldschmidt and Kinsky, Z. physiol. Chem., 183, 244 (1929). 

Gurin and Clarke, /. Biol. Chem., 107, 396 (1934). 

Fischer and Weigert, Ber., 36, 3772 (1902). 

Shrensen, Compt. rend. trav. lab. Carlsberg, 6, 1 (1903) [Chem. Zentr,, (II) • 33 (1003)] 

V. Braun, Ber., 42 , 839 (1909). 
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CHr€Hr-N-COC«Ht pci. CH*-CH^ 

I I 

CHirCHr<H, CHrCHrCHr-NHCOCaH* 

CTirCH*-CN KOH CHs-CHr-C02H 

CHjrCHrCHr-NHCOC«H. ^ CHi-CHj-CHr-NHCOCsHs 
CHsrCHBr-COOI nh, CHs-CH(NH*)'CO!!H 

CHjrCHrCHr-NHCOC«H, ^ CHa-CHr-CHj'NHCOC.Hs 

CH*-CH(NH8)--C02H 


KCN 



Ha 


CHirCHii-CHirNH!! 


In a convenient modification *“ of this synthesis, the intermediate eben- 
zoylaminocaproic acid is prepared from cyclohexanoneoxime. 


CHirCHrC=NOH 

I I 

CHr<JHr-CHs 

CHj-CHj-COjH 

I 

CHrCHr-CHr-NHs 


H)S04 
> 


C^HtCOd 
> 


CTa CHs CO 

I I » 

CHrCHj-CHir-NH 

CH2"^H2'^02H 

i 

CHa-CHrCHa-NHCOCoHs 


Lysine forms a dibenzoyl derivative, lysuric acid,*” which on partial 
hydrolysis by acid yields a monobenzoyl compound.*** On treatment 
with nitrosyl bromide this is converted into a-bromo-«-benzoylamino- 
caproic acid identical with that obtained from benzoylpiperidine, and 
with phenyl isocyanate it yields a phenylureide readily convertible into 
a phenylhydantoin.*® It must therefore be the e-monobenzoyllysine: 


CHjNHCOCjHs 

i 

(CHsls HQ 

CHNHCOCjHs 

I 

COjH 


CH2NHC0C«H» 

I 

(CH*), 

I 

CHNHj 

I 

CO»H 

J, CsEsNCO 

CHjNHCOCsH* 

I 

(CHa), 

I 

CHNHCONHCoHs 

I 

COaH 


CHaNHCOCeHs 

1 

NOBr (OHa)s 

> I 

CHBr 

I 

COaH 


CHaNHCOCaHt 


Ha 


(CHals 

CH NHv 

I /CO 

CO-N(C«Hj)/ 


*>* Eck and Marvel, J. BM. Chem., 106, 387 (1034). 
Drecluel. Ber., tS, 3180 (ISOS). 

Karret and Ehrmstein, Btlv. CMm, Aeta, 9, 323 (1026). 
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Benzoylated proteins, on hydrolysis, yield the same monobenzoyl lysiiw, 
the constitution of which has been confirmed by oxidation to 5-benzoyl- 
aminovaleric acid.®* Alkaline hydrolysis of lysuric acid likewise causes 
the removal of the a-benzoyl group.®* On the other hand, dibenzenesul- 
fonyl lysine on acid hydrolysis loses a benzenesulfonyl group exclusively 
from the «-position.®® 

Unnatural d(— )-lysine is nutritionally ineffective (p. 1084), probably 
because of the metabolic unavailability of some intermediary form such 
as 

CHj-CHi-C-COjH 

I II 

CHrCHr-N 

produced by the internal condensation of the terminal amino group with 
the a-keto group formed by the oxidative deamination which is a normal 
catabolic process. 

Evidence for the existence of a new diamino acid in gelatin has re- 
cently been adduced.®* Its chemical composition is that of a hydroxyly- 
sine; as on oxidation with alkaline periodate it (like serine) yields for- 
maldehyde and ammonia,*** hydroxyl and amino groups occupy neigh- 
boring positions at the end of a chain. Two possible structures are 
proposed: 

CHjCNHsICHOHCHsCHjCHCNHjICOjH 

or 

CH2OHCH (NHsICHjCHzCHjCNHsICOjH 

f(+)-Arginine appears to be a universal component of proteins, from 
which it is partially split off by enzymes during the early stages of pro- 
teolysis.*** It is particularly abundant in the protamines of fish sperm; 
these highly basic polypeptides contain up to 90 per cent of their nitrogen 
in the form of arginine.*'^' *** Its properties are largely determined by 
the presence of the strongly basic (p. 1112) guanidino group. There is a 
marked contrast between its titration curve and that of lysine *® in the 
region of pH above 10. When amino acids are titrated in 85 per cent 

*•’ Karrer and Ehrenstein, ibid., 9, 1063 (1026). 

Van Slyke, Hiller, Dillon, and MaoFadyen, Proc. Soe. ExpU. Bid. Med., 38 , 548 
(1938). 

934 Van Slyke, Hiller, MacFadyen, Hastings, and Klemperer, J, Bid. Chetn. 133, 287 
(1940). 

999 Dauphinee and Hunter, Biochem. J., 34, 1128 (1930) ; Lieben and laeber, Biodtem. 
Z„ 3T6, 38 (1934). 

*9* Kossel and Dakin, Z. physiol. Chem., 41, 407 (1904) ; Taylor, J. Sid. Chem., 8 , 380 
( 1000 ). 

99’ Sdimidt, Kirk, and Appleman, ibid., 88, 285 (1030). 
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al^ihol, or in the presence of formalin, amino groups lose their base 
function (qf. p. 1090); the guanidino group does not.“’ *** 

The guanidino group in proteins is selectively decomposed by sodium 
hypochlorite or hot alkalies.**® The products, which yield but little 
arginine on hydrolysos,^ are no longer soluble in dilute acids and are not 
digestible by pepsin, but are readily hydrolyzed by trypsin. When 
sodium hypochlorite is added to an alkaline solution of arginine with 
a-naphthol, a red color is produced. This, the Sakaguchi, test is positive 
with proteins containing combined arginine and with monosubstituted 
guanidines such as methylguanidine or glycocy amine; it is also given by 
«ym-dimethylguanidine and syw-trimethylguanidine but not by asym- 
metrically di- and trisubstituted guanidines (e.g., os-dimethylguanidine, 
glycocyamidine, creatine) nor guanidine itself.*^^ It has been developed 
into a quantitative procedure for the estimation of arginine.*" Proteins 
also give the color, in intensities equivalent to their content of combined 
arginine. 

Arginine, in common with other guanidino derivatives containing 
two hydrogen atoms attached to a single nitrogen atom, develops a violet 
color on treatment with biacetyl or acetyl benzoyl in alkaline solution.*" 
This color reaction, which has been placed on a quantitative basis, de- 
pends upon the following series of reactions: 

0 0 RaN-C(=NH)-N N-C(=NH)-NR, 
ch-Ii-Ij-r ch— I:— Iv-r 

r-I1m>-ch, ' rI!:— c-CH, 

<1 ll-C(=NH)-NRj 

Creatine (p, 1111) responds to this test; creatinine does not. 

Another, and fax more specific, method is based upon the hydrol 3 ^is 
of arginine into ornithine and urea under the influence of an enzyme, 
arginase, present in mammalian liver.®" 

NHr-C(=NH)— NH— (CHOr- CHfNHj)— CO*H ->• 

C0(NHi), + NHy-CCH,),— CH(NHs)-COi,H 

The urea so formed is estimated either as ammonia after hydrolysis by 

*“ Levy, and., 109, 366 (1936). 

*'®Saka^chi, J. Biochem. (Japan), S, 143, 169 (1925). 

'"Sakacuohi, ibid., 0 , 25, 133 (1925). 

*“ PoUer, Ber., 59, 1927 (1926). 

*" Weber, J. Sid. Chem., 85, 217 ; 88, 363 (1930) ; Jorpes and Thor5n, Biockem. J., 86, 
1504 (1932). 

*** Harden and Norris, J. Phptiol., 48 , 332 (1911) ; Lang, Z. phynol. Chem., 108, 273 
(1932). 

*** Eossel and Dakin, ibid., 51 , 321; 181 (1904). 


0 0 

CHr— i!/-R 
R-O-O-CH, 
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tirease or directly by treatment with xanthydrol,*** which causes the 
quantitative precipitation of dixanthylurea.*^’ 



The conversion of arginine to ornithine and urea can also be effected 
by boiling with barium hydroxide; on boiling with 20 per cent (or 
stronger) sodium hydroxide,"* arginine is converted into ornithine and 
two equivalents of ammonia. 

The method of separating arginine from other amino acids by its pre- 
cipitation at high alkalinity as a silver derivative analogous to the insolu- 
ble compound CHsNsAga •H 2 O formed by guanidine under similar con- 
ditions has been supplemented, for analytical and preparative purposes, 
by a process based on the observation that arginine forms a sparingly 
soluble salt with 2,4-<iinitro-l-naphthol-7-sulfomc (flavianic) acid.*“' 
The flavianate may conveniently be converted, by means of strong hy- 
drochloric acid, in which the free flavianic acid is not freely soluble, into 
the very soluble dihydrochloride; this yields the crystalline monohydro- 
chloride on treatment with aniline."^ For analytical purposes, arginine 
may be completely precipitated as the diflavianate from an acid hydroly- 
sate of a protein by the addition of 4 to 5 moles of flavianic acid per mole 
of arginine; this diflavianate is then dissolved in ammonia and quantita- 
tively precipitated by acidification."* 

Arginine forms an insoluble benzylidene derivative which separates 
selectively when protein hydrolysates are rendered strongly alkaline and 
treated with benzaldehyde.*”’ Benzylidene arginine is readily decom- 
posed into benzaldehyde and a salt of arginine on wanning with dilute 
mineral acid. The inability of this compound to form a sodium salt is 
attributable to the failure of the alkali metal to replace the equally 
strongly basic guanidino group present in the molecule. A similar effect 
is observed with the hydantoic acid formed by the action of potassium 
cyanate upon arginine monohydrochloride: the solubility of this prod- 
uct in water is not increased by the addition of alkali. 

Hunter and Dauphinee, J. Biol. Chem., 86, 627 (1930). 

**• Bonot and Cahn, Compt. rend., 184, 246 (1927) . 

»« Fosse, ibid., 188, 1076 (1914); Ann. chim., [9] 6, 13 (1916). 

*« Schulze and collaborators, Ber., 84. 2701 (1891) ; SO. 2879 (1897). 

M» Van Slyke, J. Bwl. Chem., 10, 15 (1011): Plimmer, Bioehem. J., 10, 115 (1916). 

Kossel and Gross, Z. physiol. Chem., 136, 167 (1924). 

C^ox, J. Biol. Chem., 78, 476 (1928). 

“• Vickery, ibid., 188, 326 (1940), 

**< Brand and Sandberg, “Organic Syntheses,” John WileV & Sons, New York (1932). 
Vol. 12, p. 4. 

*** Boon and Robson. Bioehem. J., 89, 2673 (1936). 
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On treatment with sodium nitrite and acetic add in the Van Slyke 
procedtire, arginine ^ves rise to only one molecule of nitrogen; *“ al- 
tliough g uanidin e reacts rapidly with nitrous add in the presence of 
mine ral add, it does not do so in acetic add,^ and the guanidino group 
in ar^nine behaves in the same way. Proteins, on hydrolysis after treat- 
Tomt with sodium nitrite and acetic acid, yield arginine but no lysine.*®’ 

The guanidino group is resistant to the action of barium permanga- 
nate, by which arginine is oxidized first to 7 -guanidinobutyric acid *®* and 
finally to guanidine.**® Proteins yield guanidine on similar treatment.*®® 

Like guanidine, arginine can be nitrated.**’ Nitroarginine, which can 
also be obtained by hydrolysis of a nitrated protamine, lacks the strongly 
bade character of arginine, which is regenerated by catalytic hydrogena- 
tion.*® 

NOrNH-C(=NH)-NH-(CH»)rCH(NHs)-COsH ^ 

NH, -t- NHrC:(=NH)NH-(CH2)aCH(NH2)-C08H 

This reaction has been adapted to meet the needs of peptide synthesis. 

An analogous compound, arginine-phosphoric acid, has been isolated 
frmn the muscle of marine invertebrates, in which it plays the part taken 
by creatine-phosphoric acid (p. 1113) in muscular contraction of verte- 
brates.*® Arginine-phosphoric acid 

CO»H-CH(NH,)-(CH 2 )r-NH-C(=NH)-NH-PO(OH )2 

in which the dissociation constant of the guanidino group has been low- 
ered by the introduction of the phosphoryl group, is hydrolyzed to 
arginine and phosphoric acid during muscular activity and is resynthe- 
dzed during relaxation. 

Acyl derivatives of arginine can be prepared by the usual methods, 
the a-amino group being far more readily acylated than the guanidino 
group. With benzoyl chloride and alkali, a dibenzoyl derivative is 
formed; *** on the other hand, in attempts to prepare the corresponding 

Van Slyke, J. Biol. Chem., 9, 185 (1911) ; Flinuner, Biochem. J., 18, 105 (1924) ; 
Hunter, J. Biol. Chem., 8S, 731 (1929). 

Hynd and Mai^arlank, Bioehem. J., SO, 1254 (1926). 

Traxi, Monatah., S9, 59 (1908). 

*** Kutodier, Z. phyoiol. Chem., SS, 413 (1901). 

*** B6nech and Kutacher, ibid., St, 278 (1901). 

Loseen, Ann., SOI, 369 (1880) ; Otori, Z. phytM. Chem., 43, 86 (1904) ; Kutaeher 
Ud Bctienek, Her., 38, 465 (1905). 

*** Kossel and Kennawajr, Z. physiol. Chem., 71, 486 (1911). 

>*> Bergmann, Zervaa, and Binke, ibid., S34, 40 (1934). 

*** MeyWliof and tolunann, Bioehem. Z., 190, 22, 49 (1928) ; Bieaaer and Hansan, 
Z. phyeitd. Chem., 119, 62 (1933). 

•MOutowitach, ibid., 17, 178 (1899}. 
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di-zS-naphthalenesulfonyl derivative *** only one acyl group could be 
introduced. On treatment with benzenesulfonyl chloride in presence of 
potassium carbonate, arginine forms the a-monobenzenesulfonyl deriva- 
tive, but a second benzenesulfonyl group may be introduced by the use 
of concentrated sodium hydroxide in excess.*** 

With acetic anhydride in the cold, arginine yields a monoacetyl deriv- 
ative, which has become racemized under the combined influence of the 
excess of anhydride and the strongly polar guanidino group (qf. p. 1094). 
Boiling acetic anhydride leads to the production of a triacetyl anhydro- 
arginine,*®’ which on treatment with water breaks down into diacetylurea 
and /S-acetamino-a-piperidone. 


NH-(CH 2 )r-CH-NH 2 NH-fCHjlrCH-NHAc 

i=NH iojH (*^NH iojH 


ZO2H. 

iIh, 

CHr-CHj-CHi-CH-NHAc 

A dio 

(!:=nac 

( 

NHAc 


NHj 


HK) CHrCHrCHr<3H-NHAe 

> CO(NHAc)j + I I 

NH CO 


The piperidone derivative, when boiled with acids, readily undergoes 
hydrolysis to ornithine. The triacetyl anhydroarginine reacts not only 
with water, but with amines, which are thereby converted into deriva- 
tives of guanidine. 

When the methyl ester of arginine is liberated from its hydrochloride, 
it undergoes auto-condensation,*** yielding ornithine ester and an an- 
hydride of a, 5-diguanidino valeric acid **’ containing a glycocyamidine 
group. The reaction, which is analogous to that involved in the synthe- 
sis of glycocyamidine from guanidine and glycine ester (p. 1111), is ex- 
plained as consisting in the condensation of the ester group of one 
molecule with the guanidino group of another, followed immediately by 
disproportionate cleavage. 


2NHrC{=NH)-NH-(CH,)r-CH(NH2)-CO,CH, — 
NHs-C(=NH)NH(CH,)iCH(NH»)-C-NH-C(=NH)NH(CH,),CH(NH,)-COi,CH, 

4 

NH2-C(=NH)-NH-{CHa)inCH CO 

I I +NHr-(CH 0 r-CH(NH,)-CO,CH, 

NH-C(=NH)-NH 


Rieaser, ibid.^ 49 , 210 (1906). 

*** Clarke and Gillespie, J, Am. Chem, Soc,, 64 , 1964 (1932). 
Bergmann and Kfaster, Z, physiol. CAcm,, 169 , 179 (1926). 
Fischer and Suzuki, Ber., 38, 4173 (1905). 

*** Zervas and Bergmann, Ber., 61 , 1195 (1928). 
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Nftkiral Z(+)-argiQme has the same (M>nfiguration as the other oatural 
ammo adds.*’ The levorotatory variety is not attacked by arginase and 
may therefore conveniently be prepared by the action of liver press-juice 
upon di-arginine.*“ On the other hand, arg^iase readily hydrolyses y- 
guanidinobutjTic acid to y-aminobutyric add and urea, but is without 
action on e^uanidinocaproic acid.*™ The kinetics of arginase action is 
imperfectly understood, for although hydrolysis is partially inhibited by 
ornithine, addition of the other end product, urea, is without effect.*’* 

Ornithine does not appear to be a constituent of proteins. However, 
its dibenaoyl derivative, omithuric acid, occurs in the excreta of birds 
recdving benzoic acid in their diet.*” Hippuric add, the principal form 
in which benzoic acid is eliminated by mammals, is not produced by 
chickens under these conditions, even when glycine is administered simul- 
taneously.*” Similarly, the difuroyl derivative of ornithine is excreted 
by chickens receiving furfural, which gives rise to furoylglycine in rabbits 
and dogs.*’* 

On alkaline hydrolysis, omithuric acid loses the terminal benzoyl 
group. The l-«-monobenzoylomithine so prepared from natural argi- 
nine, on successive treatment with nitrous acid and hot hydriodic acid, is 
converted into Z-proline.*** 


CHsNH-C(=NH)-NH, 

CHjNH* 

CHr-NHCOCeHt 

1 

1 

CHj 

1 

CH* 

CH* 

1 


j 

CH, 

1 

— > CH* — > 

CH* 

1 


1 

H— C—NHs 

j 

H— C— NH* 

H— C— NHCOCeHs 

1 

j 

COjH 

j 

CO*H 

CO*H 


CHjNH, 

CH,OH 

CH*— 


1 

CH* 

1 

CH* 

1 

CH* 

1 


1 

CH* 

j 

CH* 

1 

— >• CHt 1 

1 i 


1 

H— C— NHCOCoHs 

H— C— NHC0C«Hb H— C 1 

1 1 

'JH 

COjH 

CO*H 

COsH 



Z. physiol. Chem., 88, 465 (1913). 

>'> GroM, ibid., lU, 236 (1921). 

Ber., W, 1926 (1877) ; EUinger, Z. jAysiol. Chem., 89 , 334 (1900). 
•» Yosiukawa, Und., 88, 79 (1910). 

>T< Jaff6 and Cohn, Ber., 80 , 2311 (1887) ; 81 , 3461 (1888). 
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This series of reactions confirms the configurational identity of natural 
arginine, ornithine, and proline. 

Ornithine has been synthesized by several general methods already 
discussed. The rather unstable free base has recently been obtained in a 
crystalline condition.*^® Its properties closely resemble those of lysine, 
but the picrate is more soluble in water.*^* It is converted into arginine 
by the addition of cyanamide.*’'^ The methyl ester, when liberated from 
its hydrochloride, undergoes autocondensation, not to a diketopiperazine 
but to fi-amino-ct-piperidone,”* 

CHy-CH(NH2)-COjCH, CH,-CH(NH,)-CO 

I I I 

CHy-CHr-NHa CHa CH* NH 

from which ornithine is regenerated on heating with hydrochloric acid. 
di-Citrulline, isolated from watermelon juice in 1914 by Koga and 
Odake,’™ was recognized as a-amino-S-carbamidovaleric acid by Wada,®“ 
who confirmed its constitution by ssmthesis. It has been isolated from a 
tryptic digest of casein,^' and is readily formed,*® as the sparingly soluble 
copper salt, by heating ornithine copper sulfate with aqueous urea; 

NHjCONHs + NH2 (CHs)3CH(NHj)C02H 

NH2C0NH(CH2),CH(NH2)C0!!H + NH, 

The hydrolysis of arginine to citrulline is conveniently accomplished 
by boiling with an equimolar quantity of alkali in 2.8 N solution. Com- 
plete loss of optical activity occurs during the process. 

The relationship between arginine, ornithine, and citrulline is of 
extreme importance in the production of urea in the living body. Krebs 
and Henseleit *** have shown that the synthesis of urea, in the presence 
of intact liver tissue, from ammonia and the carbon dioxide resulting 
from the biochemical oxidation of glucose, lactic acid, or pyruvic acid, 
is markedly accelerated by the addition of any one of the above three 

•« Vickery and Cook, J. Biol. Chem., 94, 393 (1931). 

Kossel and Weiss, Z. ■physiol. Chem., 68, 160 (1910). 

Schulze and Winterstein, Bcr., 39, 3191 (1899) ; Z, physiol, Chem., 34, 128 (1901) 
>78 Fischer and Zempl6n, Ber., 42, 4878 (1909) . 

>78 Koga and Odake, J. Chem. Soc. Japan, 3S, 619 (1914). 

>80 Wada, Biochem. Z., 224, 420 (1930). 

"> Wada, ibid., 267, 1 (1933). 

>8* Kurtz, J. Biol. Chem., 122, 477 (1938). 

>«« Fox, ibid., 128, 687 (1938). 

»> Krebs and Henseleit, Z. physiol. Chem., 210, 33 (1932). 
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aimxto adds. The process may be schematically expressed as follows: 


CO* + NHs + Ornithine — > CitruUine 

NH» + CitruUine —* Arginine + HjO 

Arginine — » Ornithine + CO(NHj)t 

The first and second reactions take place through the influence of some 
enzyme present in surviving liver tissue, for no urea synthesis occurs if 
the tissue is crushed; the third reaction is, of course, brought about by 
arginase. 

The administration to a mouse of ornithine containing deuterium in 
the carbon chain results in its conversion to arginine, for much of the 
deuterium reappears in the arginine obtained by hydrolysis of the pro- 
tdns of the animal.**® At the same time some degradation of the orni- 
thine occurs, as deuterium is also found in the glutamic acid and proline 
of the proteins.*** The glutamic acid is no doubt formed by oxidation of 
the terminal aminomethyl group to carboxyl; the formation of proline 
is plausibly explainable by the following series of biochemical reactions: 


CHt-NHj 

i| 

CHt-NH, 

CH 2 -I 

CH,-, 

II 

CH* 

CH, 

j 

CH 2 

1 

j 

CH, 

CH* -» 

j 

CH, -» 

1 

-0- 

»3 

1 

CH, 

j 

H-C-NH, 

1 

CO 

1 

C=1 

H-C 1 

j 

COzH 

1 

COjH 

j 

COJJ 

1 

CO,H 


In octopine, a constituent of muscle of scallops and other marine 
invertebrate, a molecule of arginine and one of alanine share a single 
oE-imino nitrogen atom.*®' *** 

NHCH,CHi!CH*CHCO*H 

I I 

0=NH NH 

I I 

NH» CHj^HCOjH 

It has been synthesized from i-«-bromopropionic acid and ^arginine; 
mixtures of diastereoisomers have been obtained from ethyl dl-«-bromo- 

*** Clutton. Schoenheimw, and Rittenberg, J. Biol. Chan., US, 227 (1040) . 

*** Rcdofl, Rataer, and Sohoenhtimer, ibii., 136, 561 (1040). 

*•* Akasi, J. Bioekem. (Japan), >8, 261, 281, 201 (10S7) ; S6, 129 (1937). 

•“ Moore and WiUon, J. Biol. Chem., U», 573 (1937). 
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propionate and i-ai^inine methyl ester and by the catalytic hydro- 
genation of a mixture of 1-arginine and pyruvic acid. 


R CH, 

I I 

HC— NH 2 + CO 

( I 

CO 2 H COjH 


R CH, R CHg 

II 11 

HC-NH-COH -♦ HC-NH-CH 

II II 

CO 2 H CO 2 H CO 2 H CO 2 H 


The enzyme urease, which promotes the hydrolysis of urea and is 
widely employed for its estimation and, indirectly, that of arginine 
(p. 1142), is usually secured from jack bean meal. Aqueous-alcoholic 
extracts of this bean contain a basic amino acid, canavanine, C5H12O3N4, 
which, like arginine, yields half of its nitrogen as urea on treatment with 
liver extract. This amino acid responds to the nmhydrin test (p. 1099) 
and gives up only one of its nitrogen atoms to nitrous acid in the Van 
Slyke procedure; it is therefore an a-amino acid. It is more stable than 
arginine towards barium hydroxide, forms a tribenzoyl derivative, yields 
no guanidine on oxidation with barium permanganate, and responds to 
neither the Sakaguchi (p. 1142) nor the biacetyl (p. 1142) test. It gives a 
characteristic red color with a solution of sodium nitroprusside which has 
been autoxidized by exposure to air and light. 

Canaline, C4H10O3N2, formed together with urea by the action of an 
enzyme (canavanase) present in liver extract, contains one a-amino 
group and one nitrogen atom which does not react with nitrous acid. 
It forms a dibenzoyl derivative. It gives a red color with alkaline picrate 
(JafF4 test, p. 1114) but none with autoxidized nitroprusside. On catalytic 
reduction it is converted into ammonia and a-amino-7-hydroxybutyric 
acid; this points to the constitution: 

nh20-ch2-c:h2-ch(nh2)-C02H 

The reduction of the oxygen-nitrogen bond is analogous to that brought 
about by hydriodic acid with a-benzylhydroxylamine.’®’ Canavanine 
and dibenzoylcanaline do not respond to catalytic hydrogenation. On 
the other hand, by the action of hydrobromic acid canavanine yields a- 
amino-y-bromobutyric acid and guanidine.**^ 

HBr 

NH2-C(==NH)-NH-0-CH2-CH2-CH(NH2)-C02H > 

NH 2 C(=NH)-NH 2 -1- Br-CH2-CH2-CH(NH2)-002H 


Irvin and WUson, ibid., UT, 555 (1939). 

Knoop and Martinfl* Z. physiol, Chem., 858 , 238 (1939). 

Kitagawa and collaborators, J* Biochem, {Japan)^ 11 , 265 (1929) ; 16 , 339 (1932); 
18 . 333 (1933) ; 83 , 181 ; 84 , 407 (1936) ; [C. A., 88 . 2678 (1934) ; 89 . 7280 (1935)]. 

Fiaoher and Blumanthal, Ber., 49 , 106 (1907) ; Sdrenaen and Andersen, Z. p/ij/M 
Chem., SB, 260 (1908). 

Meyer, Ber., 16 . 167 (1883). 

Gulland and Morris, J. Chem. Soc., 763 (1936J. . 
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Oaoalme has been regenerated from a-ainino-7-hydroxybutyric acid by 
oondendng the 'y-iodo-a-benzoylamino acid with benzhydroxamic acid. 

Ha 

H(M:Hr<lHj-CH(NH2)-C02H - HO-CHr<!H,-CH(NHCOCja.)-CO,H > 

CHrCHj-CH-NHCOC,B. hi 

(!» io * 


I-CHrCHr-CH(NHCOC,H,)-CO,H 


■ P ^ HeCO-NHOH^ C^.CO-NHO-CHr<3Hr-CH(NHCOCeH»)-COjH 


NH,O-CHr-CHr-CH(NH0-CO,H 


The reconversion of canaline into canavanine has been effected by the 
use of methylisourea. 


CgHiCOCl 

NH,0-(CH,)r-CH(NHj)-C02H » 

C,H.CONHO-(CH,)j-CH(NHCOC,Hi)-CO,H 

NH,O-(CHj)rCH(NHCOCJIt)-C0sH 


Ha 


NHt-C(=NH)-OCH| 


Ha 


NHt-C(==NH)-NHO-(CHj)r<^H(NHCOCJia-COsH 

NHi-C(=NH)-NHO-(CH,)rCH(NHj)-CO,H 


As is to be expected of an O-ether of hydroxylamine, canaline can 
form condensation products with aldehydes. An ethylidene derivative, 
which can be prepared from canaline and acetaldehyde, has been isolated 
from the products of the digestion of canavanine with liver extract. 

Canavanine appears to be the first derivative of hydroxyguanidine to 
have been studied since that substance was originally synthesized.*®* 
Its titration curve *** indicates, by reference to corresponding data for 
other compounds,*®^ that the guanidoxyl (NH2C(==NH)NHO — ) group, 
in contrast to the guanidine group, is a weaker base than ammonia. The 
aminoxyl (NHjO — ) group, present in canaline, is even more weakly basic 
than the amino group of aniline or the imidazole of histidine. 

"When boiled in neutral solution, canavanine loses ammonia with 
formation of desaminocanavanine.*** 


O-CHr-CHtv 

I ^ 

NH-C-NH/ 


H-COsH 


II 

NH 


••• PrStorius-Seidler, J. prakt. Chem., [2] 31 , 12B (1880). 

Tomiyama, J. Biol. Chem., Ill, 46 (1936). 

*"Borek and Clarke, ibid., IM, 479 (1938). 

Tsukamoto, J. Biochem. (Japan), 26, 373 (1937;. 
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From a study of analogous compounds, it appears that the color with 
autoxidized nitroprusside is characteristic of the guanidoxyl, that with 
picrate of the aminoxyl, group. 

f(+)-Histidme, an almost universal constituent of proteins, is dex- 
trorotatory in acid solution, but levorotatory in water and in alkali. It 
was discovered simultaneously by Kossel *** in the fraction precipitated 
by mercuric chloride from the hydrolysate of a protamine of fish roe, 
and by Hedin in the salt C 6 H 702 N 2 Ag 2 -HaO precipitated from protein 
hydrolysates on adding silver nitrate and alkali. Both processes have 
subsequently been developed into convenient preparative methods; the 
former is applicable when only histidine is desired,*’^ the latter when the 
preparation of all the “hexone bases” is necessary.^ Mercuric sulfate in 
5 per cent sulfuric acid (Hopkins’s reagent) has been recommended 
for the estimation of histidine in small samples of protein. 

Nitranilic acid, which forms a very sparingly soluble salt 

C602(0H)2(N02)2-C6H902Nj 

with histidine, has also been proposed as an analytical precipitant. 

For preparative purposes, histidine is conveniently obtained from 
blood corpuscle paste by acid hydrolysis and precipitation of histidine 
with mercuric chloride.'"® 

The imidazole (glyoxaJine) group in histidine is a relatively weak 
base; the dihydrochloride, when dissolved in water, hydrolyzes to the 
monohydrochloride,"® and the free amino acid, unlike lysine and argin- 
ine, is extracted by butyl alcohol from aqueous solution at pH 7,“® to- 
gether with the monoamino monocarboxylic acids. Histidine fonns 
well-defined salts with one and with two molecules of picrolonic acid; 
the diflavianate is sparingly soluble and of use for isolation, but the 
monoflavianate is difficult to prepare; it also forms a sparingly soluble 
Reineckate which crystallizes out with those of proline and hydroxy- 
proline (pp. 1118, 1125). It is precipitated from acid solution by phos- 
photungstic acid but tends to redissolve in excess of the precipitant.®*® 

»» Koseel, Z. physiol. Chem., 33, 176 (1896). 

‘“Hedin, ibid., S3, 191 (1896). 

Hanke and Koessler, J. Biol. Chem., 43, 521 (1920). 

‘“Vickery and Leavenworth, lind., 78, 627 (1928). 

‘“ Rosedale and da Silva, Biochem. J., 36, 369 (1932) . 

‘M Block, J. Biol. Chem., 133, 67 (1940). 

‘“ Foster and Shemin, “Organic Syntheses,’* John Wiley & Sons, New York (1938) 
Vol. 18, p. 43. 

‘“ Abderhslden and Einbeck, Z. physiol, Chem., 63, 322 (1909). 

W* Brigl, iTnd., 64 , 337 (1910). 

‘“ Vickery, J. Biol. Chem., 71, 303 (1926). 

‘“ Kapfhammer and Sp6rer, Z. physiol. Chem., 173, 245 (1928). 

“• Frankel, Monatsh., 34, 229 (1903). 
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The constitutioa of histidine was ratabUshed by Pauly,*** whose dis- 
covery that it yields an azo color with diazobenzenesulfonic add forms 
the basis of a widely employed method for its colorimetric estimation."* 
The imidazole nucleus accepts either one or two "* azo groups. The 
chief interfering substance in a protein hydrolysate is tyrosine; the abil- 
ity of this to couple can be inhibited by benzoylation, which under 
suitable conditions is without effect on the Pauly reaction for histidine."* 
Histidine also survives treatment with nitric acid, which nitrates tyrosine 
and so prevents it from coupling; this procedure, however, suffers from 
the disadvantage of introducing a yellow color into the mixture to be 
tested. The most satisfactory procedure is to apply the Pauly test 
to a fraction previously predpitated by phosphotungstic add or by 
silver. 

A red color is formed on adding bromine water to a solution of his- 
tidine and changes to purple on addition of ammonia. This color reac- 
tion has been developed for the quantitative estimation of histidine, for 
which it appears to be specific.*** A transient red-violet color is devel- 
oped on treating histidine with hydrogen peroxide in the presence of a 
ferrous salt,"* presumably with the intermediate formation of /3-imid- 
azoleacetaldehyde. 

Histidine has been synthesized from the sodium derivative of 
ethyl chloromalonate and 4-chloromethylimidazole, prepared from 
a, 7 -diaminoacetone. 


CHrCO*H 

I 
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I 

CHj-COjH 


CH=NOH 
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I 
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^ CO 

I 
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CH2OH CH2CI 


Jorpes, J., 26, 1507 (1932). 

«* WaUaoh, R|iBg, and Behrend, Ann., 271. 28 (1892). 

*** Pauly, Z. piktfaiol. Chem., 94. 284 (1916). 

«* Inouye, 79 (1913). 

•u Brunswik, 127, 268 (1923). 

Kno9|i^'‘3l*|^' Physiol. Path., 11, 366 (1908); Kapeller-Adler, Bioehem. Z., 
Biochcm. Z., SO, 623 (1909). 

«• pyman. J. Chem. Soc., 99, 668, 1386 (1911) ; 109, 186 (1916). 
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CH— CH— N. 

II Vh II 

C— NH/ + NaCCl(CO*Et)s -♦ C— NH’ 




CH 2 CI 
CH— N, 


II Vh 

C— NH/ 

I 

CHsrCHCl-COjH 


CHirCCUCOjEt)* 

CH-N^ 

II Vh 

C— NH/ 

I 

CHrCHCNHsKJOjH 


The racemic histidine was resolved by crystallking the d-tartrate. It 
has also been synthesized by the Erlenmeyer process from imidazolealde- 
hyde and hippuric acid. 

Two of the nuclear hydrogen atoms of histidine are replaceable by 
iodine, when the a-amino group is previously protected by benzoyla- 
tion.^* 

The a-monobenzoyl derivative is formed with one molecular pro- 
portion of benzoyl chloride in presence of benzene and the minimally 
practicable amount of aqueous alkali; a benzoyl group can be introduced 
into the imidazole nucleus ^ by treating the methyl ester of a-benzoyl- 
histidine in benzene solution with a semi-molecular proportion of benzoyl 
chloride. 


CH— N. 

II 

2C 


'V 


CaHfiCOCl 


CH2-CH(NHC0C(iH6)-C02CH, 


CH— 

II Vh 

C N<( 

I ^COC<iH, 


CH— N 


> 


fCHHCl 


+ C-NH'' 

CH2-CH(NHC0C»Ht)-C02CH, CH*-CH (NHC0C,^6)-C02CH, 


An interesting property of such esters of diacyl histidines is their ability 
to transfer the nuclear acyl group to amino acids or esters and pre- 
sumably to other amines. For example, hippuryl chloride reacts with 

M Pauly, Ber., 48, 2243 (1910), 

G«rngroas, Z, physiol. Chem.t 108, GO (1919). 

^ Bergsaftnn and Zervas, ibid., 178, 145 (1928) « 
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a-beaizoylhistidine methyl ester to form a product whidi 'with glycine 
yidds a-beMoylhistidine ester and hippurylglycine. 

N==HCH— N-(X)-CHirNHCOC«H* 

I I + NHr€HH:!02H -♦ 

CH=======C-CH2-CH(NHC0C»H»)-C0,CHi 

N=CH-NH NHCGCJSs 

III + CeHsCONH-CHjrCO-NH-CHirCOiH 

CH=C-CHrCH-COsCH, 


When histidine methyl ester is treated with benzoyl chloride in the 
presence of aqueous sodium carbonate, the imidazole ring is opened.^^ 

N==CH-NH NHj CJIfcCONH NHCOC#Hs NHCOC»Hj 

III - I I I 

CH=C-CHrC:H-COtCH, CH^C-CH* CH-CO 2 CH, 


The product on treatment with methyl-alcoholic hydrogen chloride is 
converted to the methyl ester of y-keto-omithuric acid.“* 

C.HbCONH-CH2-CO-CH2-CH(NHCOC»Hs)-C02CH, 


On treatment with ozone, followed by partial hydrolysis, the tribenzoyl 
compound prepared from natural histidine is converted into the benzoyl 
derivative of natural Z(— )-a6partic acid.*^ 


CH-NHCOCbHb 

II 

C-NHCOC.H, 


CH, 



H-C— NHCOCbHs 

I 

CO,CH* 


COtH 

I 

CH* 

I 

H— C— NHCOC.H, 

I 

CO*H 


Histidine of protein origin therefore possesses the same configuration as 
the other natural amino acids, as is also indicated by pH-dependence 
curves.*^ 

On treatment with nitrous acid, histidine yields /S-imidazolelactic 
add, which is reduced by phosphorus with hydriodic acid to /3-imidazole- 
propionic acki,*** identical with that prepared from jS-glyoxylpropionic 
add witii forib^dehyde and ammonia. 

and Edibacber, ibid., SS, 396 (1916). 

^ Langenbeek and Hutschenreutar, ibid., tSS, 306 (1929). 

Langenbeck, Ber., 68, 227 (1926). 

‘••Knoop and Windoua, Beilr. ehem. Phyriol. Path., 7, 144 (1906), 
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9 ^— CH— N*. CH— N^ 

Ao i-NH> t-NH> l-NH> 

I + 2 NH. + CHjO -* I -I ^1 

CH, 6h, tHj 

CHrCOiH (IjHrCOiH dlHOH-COsH (! 3 H(NH,)-COjH 


jS-Imidazolelactic acid, on oxidation by mtric acid followed by hydrogen 
peroxide, is successively converted into imidazoleglyoxylic acid and 
imidazolecarboxylic acid,^* a series of reactions which served to con- 
firm the assignment of the primary amino group to the a position. 

Histidine is converted into 0-imidazolelactic acid by some bacteria; 
others, particularly certain of the B. coli group, cause decarboxylation 
to histamine,'*^’ a conversion which seems also to be brought about by 
ultra-violet light. A fungus, Oidium ladis, brings about reductive deami- 
nation to ^-imidazolepropionic acid,^“ and certain microorganisms (e.g., 
B. paratyphosiLS B) effect deamination without reduction to urocanic 
acid.*” This last product, identified by Hunter as ^-imidazoleacrylic 
acid, is a form in which orally administered histidine is eliminated by 
dogs.*** However, since less than half of the histidine can be recovered 
from the urine as imidazole derivatives,*** some profound decomposition 
must take place in the body. A reaction of this type is brought about by 
an enzyme, histidase, present in the liver. Under its influence 1-histidine 
breaks down into l(+)-glutamic acid and two moles of ammonia,*** a 
hydrolytic converse of the classical synthesis of imidazoles from glyoxals, 
formaldehyde, and ammonia. Indirect evidence points to the intermedi- 
ate formation of a formylated glutamine. 


CH— N.V CO-NH-CHO COaH 

II Vh I I 

C— NH/ CHj -> CHj 

I I I 

CH 2 -CH(NHj)-CO*H CH2-CH(NHj)-C 02H CHi!-CH(NH,)-COaH 


Histidine cannot be synthesized in the mammalian body from simpler 
compounds, but is apparently so produced from /3-imidazolelactic acid 
and imidazolepyruvic acid, which stimulate growth on diets deficient in 

«• Knoop, and., 10, 111 (1907). 

^ Haake aad Koaasler, J. Biol, Ckem., 50, 131 (1922) ; Hirai, Biodiem. Z,, 267, 1 
(1933). 

*** Kiyokawa, Z. physiol. Chem., S14, 38 (1933). 

Raistrick, Bwchem. J., 11, 71 (1917). 

«« Hunter, J. Biol. Chem., 11, 637 (1912). 

Kotake and Konishi, Z. physiol. Chem., 12S, 230 (1922) . 

*•* Abdorhalden and Busdie, ibid., 200, 87 (1931). 

os Edlbacher and collaborators, Md., 191 , 226 (1930) ; 224, 261 (1934). 
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bistidine but otherwise adequate.*** Urocanic acid, on the other hand, 
is ahnost without effect on growth. 

Histamine, the decarboxylation product of histidine, is of great physi- 
ological interest, on account of its powerful vasodilator action. It is 
present in lung, liver, muscle, and blood.*** Lung and kidney contain a 
highly specific enzyme, histaminase, which breaks down histamine,*** 
much as histidase (fisrupts l-histidine. Histamine has been synthesized 
by reduction of imidazoleacetonitrile *'* and from o-aminobutyrolac- 
tone *•* by the following steps: **'' 

CHrCHHpHNH, 

I I > I I > 

O CO O CHOH 


HOCHr-CHr-C-NHy HOCHj-CHrONH. 

" 11 


CH-N 




CH-N 


)CH-^ 


Cl-CHj-CHj-C-NHv NHz-CHi-CHjrC-NH. 

11 11 >CH 

CH-N^ CH-N-^ 


On treatment with benzoyl chloride and alkali the imidazole ring is 
opened, as in the case of histidine methyl ester; the product, on heating 
with acid anhydrides and hydrolyzing, yields physiologically inactive 
2-aikyl homologs of histamine.**® 


CH-NHCOC»Hb . CH— 

II (RCO)sO II /CR 

C-NHCOC»Hb C— NH^ 

I I 

CHi-CHsNHCOCeHs CHj-CHjNHCOR 


CH— N 

II 

G-NH 



CHu-CHbNH! 


Although 2-thiolhistidine has never been isolated from natural 
sources, certain proteins, notably zein, give a positive color reaction for 
thiolimidazoles.*** TMolhistidine has been synthesized by the action 
of thiocyanate upon y-ketobmithine, prepared either from histidine («/. 
p. 1154), or from aspartic acid.**“ 

*•* Harrow and Sherwin, J. Biol. Chem., 70, 683 (1926). 

*“ Best, Dale, Dudley, and Thorpe, J. Physiol,, 6S, 397 (1926) ; Thorpe, Biochem. J., 
SI, 94 (1928) ; BarsOum and Gaddum, J. Physiol., 85, 1 (1935). 

*** McHenry and Gavin, Biochem. J., 96, 1365 (1932). 

*** Garforth anSi Pyman, J. Chem. Soc., 489 (1935). 
van <^,*J®Brwe, Z. physiol. Chem., 177, 301 (1928). 

*** Ekteles and Vars, J. BuA. Chem., 80, 616 (1928). 

^Ashley and HarioKton, J. Chem. Soc., 2586 (1930) ; Harington and Overhoff, Biochem. 
J., S7, 338 (1033), 
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CHjrCX)4H CHrCOjH 

I I 

(CHiCO)iO 


CH2-COCI 


CH-NH* 

I 

COjH 


V f'w XT Att XT CH,N,:EtOH 

> > CH-N>x » 

I >C-CHa I >C-CH» 

OC — CK OC3 — CK 

^COx 


CHirCO-CHjCl 

CH-NH-COCHs ^ CH-NH-COCHs 


HCl 


COaKt 




CH-N. 


CHa-CO-CHr-NHs C-NH' 

CHNHj — ) CHs 

I I 

COjH CHNH, 

I 

COjH 


^C-SH 


Ergothioneine, the trimethylbetaine of thiolhistidine, is present in ergot 
and in blood. Attempts to synthesize it by methylating thiolhistidine 
have failed, owing to the breakdown of the methylated product into 
trimethylamine and an unsaturated acid. In the same way, histidine 
trimethylbetaine, formed by oxidizing ergothioneine, breaks down on 
treatment with alkali “ into trimethylamine and urocanic acid. 


CH-N, 


C-NH 

I 

CH2 

I 

CHN+Mes 

COs- 


^C-SH 


FeCl, 


CH-N. 

II 

C-NH 

I 

^ CHj 


)CH 


CH-N. 

II 

C-NH 


CH 


KOH 


CHN+Me, 

I 

co,- 


->■ CH 

II 

CH 

I 

CO 2 H 


+ Me,N 


Beef muscle contains a water-soluble base called camosine which, 
like histidine, is precipitated by mercuric sulfate and from alkaline 
solution by silver nitrate, and yields an azo color with diazobenzenesul- 
fonic acid; it gives no color, however, with bromine, and its Reineckate 
is less soluble than that of histidine.*** On alkaline hydrolysis it yields 

Barger and Ewina, J. Chem. Soc., 89 , 2336 (1911). 

Gulewitsch and Amiradzibi, Z. phenol. Chem., SO, S66 (1900). 

*•* Hunter, Bioehem. J., 16, 640 (1923). 

*** Bmorodintzev, Bioehem. Z., SSI, 425 (1930). 
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J-bistidine,^ and its phenylureide on boiling with acids breaks down into 
histidine and the phenylureide of d-aminopropionic aoid.^ Camosine is 
therefore /S-aminopropionylhistidine. 

NH2-CH2<!HrCO-NH-CH-CH2-C========^ 

CO*H NH-CH=N 

SyntheticaUy it has been obtained, in poor yields, by the action of am- 
monia upon j3-iodopropionylhisti<line and by reduction of /3-nitropro- 
pionylhistidine.'*^ A practical synthesis has recently been developed: 
jS-aminopropionic acid is condensed with benzyl chlorocarbonate; the 
resulting carbobenzoxy-/3-alanine is converted successively into its chlo- 
ride, methyl ester, hydrazide, and azide (c/. p. 1107) ; this is coupled with 
histidine methyl ester, and, after hydrolysis, the carbobenzoxy group is 
removed with palladium and hydrogen. 

A methyl homolog of camosine, called anserine, occurs, together 
with camosine, in the skeletal muscles of various mammals, fish, rep- 
tiles, and birds."^ It is not precipitated by silver and does not couple 
with diazo compounds, but is thrown down by mercuric sulfate. On 
hydrolysis it yields /3-alanine and a methylhistidine; on heating with 
soda-lime it yields 1,5-dimethylimidazole,^ 

CHr-C=CH-N 

I II 

N(CH8)-CH 

a reaction which establishes the position of the nuclear methyl group. 
In other respects it closely resembles camosine, and its properties are in 
full accord with the stmcture: 

NHH:!Hz-CHr<)0-NH-CH-CHH>===CH-N 

1 I II 

CO*H N(CH»)-CH 

which has been confirmed by a synthesis analogous to that **• of car- 
nosine. 

Gulewitsch, Z. physiol. Chem., BO, 635 (1907). 

*** Abderbalden and Gddel, Fermentfarschung, 12 , 618 (1931). 

**’ Baumann and Ingvaldsen, J. Biol. Chem., SB, 263 (1918). 

Barger and "Ditin, Biocftem. J., 12 , 402 (1918). 

*** Sifferd and du Vigneaud, J. Biol. Chem., lOS, 763 (1935). 

Ackerp^inn, Timpe, and Poller, Z, physiol. Chem., 183, 1 (1929). 

*« Wolff WUson, J. Biol. Chem., 109 , 565 (1036). 

^ liinneweb and ooUaborators, Z. physiol. Chem., 183 , 11 (1929) ; 189 , 80 (1930). 
“»Keil, ■Otid., 187 , 1 (1930). 

*** Behrens and du Vigneaud, J. Biol. Chem., 120 , 517 (1937). 
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i ( + )“Tf yptophan is dextrorotary in strongly acid and in alkalii^ 
solution, but highly levorotatory in water. It is a nearly g^eral protein 
constituent, but is absent, or nearly so, from gelatin, zein, and insulin. It 
does not appear among the products of acid hydrolysis of proteins, as it is 
converted by the action of mineral acids into humins, formed by conden- 
sation with aldehydes derived from the protein or substances, such as 
carbohydrates, associated ,with it.*“ Tryptophan is also rapidly de- 
stroyed when proteins are hydrolyzed with boiling sodium hydroxide 
solution, but it is stable to barium hydroxide, which, however, brings 
about racemization. For the preparation of the natural, optically active 
product, it is customary to resort to enzymatic hydrolysis by means of 
trypsin — a slow procedure, which liberates less than half of the trypto- 
phan.^*^ The precipitate, characteristic of tryptophan, which forms on 
addition of mercuric sulfate to the tryptic digest containing 5 per cent 
of free sulfuric acid contains peptides from which tryptophan is re- 
leased on further tryptic digestion. Tryptophan is extracted by butyl 
alcohol from neutral solution; this fact has been usefully applied, for 
preparative purposes, to the fraction precipitated by mercury.^® 

Natural l(-t-)-tryptophan possesses the same configuration as other 
amino acids.^^ The racemic variety has been synthesized by the Erlen- 
meyer procedure from 3-indoleaIdehyde and hippuric acid.^® 


CHO 


CJI< >CH 
NNTT/ 


cna,, KOH 


CH= 

A 


0-0 




NaOH 


CH=C!-CO,H CHj— CH-COjH 

. NH 


Better yields are obtainable by condensing the aldehyde with hydantoin 
in presence of piperidine and heating the resulting indolalhydantoin with 
ammonium sulfide (c/. p. 1108). 

Colored products are formed on treating tryptophan with aldehydes 
in presence of concentrated mineral acids. The violet color reaction 

^65 Burr and Gortner, J, Am. CheTn, iSoc., 46 , 1224 (1924). 

Onslow, Biochem. J., 16 , 383, 392 (1931). 

Hopkins and Cole, J, PhystoL, 27 , 418 (1902). 

Cox and King, “Organic Syntheses,’* John Wiley & Sons, New York (1930), Vol. Ift 
p. loa 

EUinger and Flamand, Z. phyeiol. Ckem.t 66, 8 (1908). 

^ Boyd and Robson, Biochem. J., 29 , 2256 (1935). 
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with £^xylic add in sulfuric add, winch aided Hopkins and Cole in 
the discoveiy of tryptophan, is rendered more certain and sensitive by 
ihe addition of a trace of copper.*® This probably acts as an oxygen 
carrier, for with other aldehydes the presence of oxidizing ag^ts has 
be«i found necessary for the development of a blue color suitable 
for quantitative purposes. Special use has been made of vanillin,*® 
p-dimethylaminobenzaldehyde,*** and formaldehyde,*®* with hydrogen 
peroxide and nitrous acid as oxidants. In the absence of oxidants, red 
to violet tints of indeterminate hue are formed. 

It has been suggested *®® that the blue pigments produced from tryp- 
tophan with aldehydes and nitrous acid possess the structure: 

CHr<lHOH-CO*H CHj-CHOH-COjH 



like tsToane, tryptophan 3 nelds a yellow color with nitric acid *** 
and a blue color with Folin's phenol reagent.**’ Both these colorimetric 
tests have been applied quantitatively, as has the red color, extractable 
by amyl alcohol, produced with bromine water.*®’ 

When t-tryptophan is administered to normal rabbits, it is partiaUy 
eliminated as y-hydroxyquinoline-o-carboxylic (kynurenic) acid. This 
compound is also formed, though in lower yields, from indole-3-pyruvic 
add.*®* Rabbits on a diet of polished rice, which is deficient in thiamin 
(vitamin Bj), excrete not only kjmurenic acid but also an amino acid, 
kynurenine, in which the pyrrole ring of tryptophan has ruptured.*®* 


CHH3H(NHj)-C 02H CH-CH(NH2)-COiiH 



“‘Winkler, Z. phvntd. Chem., SS8, 60 (1934). 

M> Ragins, J. Biol. Chem.., 80, 643 (1928). 

«• Boyd, Biochem. J., 88. 78 (1929) . 

Forth and coUaboratora, Biochem. Z., 109, 103, 124 (1920). 

*** Ghip, Oaz 2 . thim. iial., 83, 411 (1933). 

Tillmans, Hirseh, and Stoppel, Biochem. Z., 198, 379 (1928). 
tevene and KouiUer, J. Biol. Chem., 8, 481 (1907). 

“tEUinger and Hateuoka, Z. phyeiol. Chem., 109, 269 (1920). 
“•Kotake and collaborators, t&id., 106, 139 (1931) ; 814, 1 (1033). 
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These reactions take place only with Z(+)-tryptophaii, not with the un- 
natural d(— )-variety.'‘™ 

Kynurenine is stable to acids but is unstable in alkaline solution, 
yielding ammonia, carbon dioxide, o-aminoacetophenone, and kjmurenic 
acid, apparently by way of o-aminobenzoylpjrruvic acid. 


CO,H 

NH2-C(ff4-(!>=' 


t=CH-CH(NH,)-COJI - 
OH 


NHrC,H4-C0-CHr<!0-C0,H 



NHr-Cjac-CO-CH, 


Kynurenine is also converted into kynurenic acid on administration to 
dogs, the reaction taking place in the liver. 

Similar conversions are brought about by certain microorganisms; 
B. subtilis, for instance, forms kynurenine, kynurenic acid, and anthranilic 
acid from tryptophan. Of other organisms, some {B. coli) break down 
1-tryptophan into indole in the presence, and into indole-3-propionic acid 
in the absence, of air; some (B. amiriophilus intestinalis) effect decar- 
boxylation to ;3-indoleethylamine;^” some (Proteus and Oidium ladis, 
respectively) bring about deamination to varieties of indolelactic acid 
having opposite configurations; some (yeast) cause both deamination 
and decarboxylation to tryptophol (/3-indoleethanol).^’* 

In intestinal putrefaction, tryptophan is broken down into indole 
and ;3-methylindole (skatole). These products partly diffuse into the 
blood stream, where they undergo further chemical alteration. Little is 
known about the fate of skatole; it is possibly oxidized at the side chain. 
Indole is oxidized to indoxyl, which is eliminated by the kidney as a sul- 
furic ester, indican. 

C»H4— COSO3- 

I II 

NH CH 


The presence in the urine of abnormally large amounts of indoxylsul- 
furic acid, diagnostic of chronic constipation or intestinal obstruction, is 
indicated by the production of indigo on treatment with oxidifflng 

Correll, Berg, and Cowan, J. Biol, Chetn., U3, 151 (193S). 

Woods, Biochem. J., S9, MO, M9 (1935). 

*” Barthelot and Bertrand, Compt, rend,, IM, 1829 (1012). 

Sasaki and Otsuka, Biochem. Z., Ul, 167 (1021). 

KbiUch, Ber., 4S. 883 (1912). 
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9/BstiiB.^ Indican can be estimated colorimetrically by treatment with 
triketohydrindene,*’* which yields a red condensation product. 

CaH^ 

NdCK 

In living mammals, an appreciable part of the tryptophan taken in 
the normal diet is ntilired for protein synthesis. Normal growth is im- 
possible on diets deficient in this essential amino acid, but can be induced 
by the addition, to such diets, of not only i-tiyptophan, but d-tryptophan 
or acetyl-Z-tryptophan. The effect of a large number of derivatives of 
tryptophan on growth and ksmurenic acid production is summarized in 
the accompanying table. From the results it appears that the biochemi- 



Growth 

Ktntthenic 

Acid 

Literature 


SnuTn.ATiON 

Formation 

References 

l-Tryptc^han 

. . + 

+ 


d-Tryptophnn 

+ 

- 

477, 478 

Acetyl-Z-tryptophan 

+ 

± 

477, 478 

Acetyl-d-tryptophan . . . . 

. . . — 

- 

477, 478 

Propionyl-i-tryptophan 

+ 


479 

Bonsoyl-J-tiyptophan 

— 

. . 

480 

Phenacetyl-l-tryptophan 

— 

. , 

479 

l-Tryptophan estera 

+ 


479, 480 

i-Tryptophan amides 

+ 

+ 

481 

{-|-)-Indolelactic acid 

+ 

+ 

469, 482 

(— )-Indolelactic acid 

— 

- 

469, 482 

Indolepyruvic acid 

-1- 

+ 

468, 469 

Indolepynivic acid oxime 

— 

— 

482 

Indolepropionic acid 

— 


483 

Indoleacrylic acid 

— 

— 

482, 484 

Kynurenine 

. . . - 

+ 

469, 485 


cal mechanisms respectively involved are different and independent. 
The behavior of the two forms of acetyltryptophan indicates that the 
body can hydrolyze the I variety specifically, but apparently at so slow a 

Salkowald, Z. phyeiol. Chem,, 4S, 213 (1904). 

Kujnon, Qnd., Ml, 206 (1936). 

du: Vigneaud, Sealock, and Van Etten, J. Biol. Chem., 98, 665 (1932). 

‘"Berg, *6td., 104, 373 (1934). 

Berg and Hanson, Proc. Iowa Acad. Sei., 41, 166 (1934) [C. A., 99, 4049 (1935)]. 
Berg, J. Bud. Cham., 91, 613 (1931). 

Bauguees and Berg, Und., 106, 616 (1934). 

‘o Bauguees and Berg, ibid., 104, 076, 691 (1934). 

*“ Jackson, ibid., 84, 1 (1929). 

*“ Bauguess and Berg, Ptoc. Iowa Acad. Sci., 40, 110 (1933) [C. A., 99, 2679 (1936)]. 
Jackson and Jackson, J. Biol. Chem., 96, 697 (1932). 
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rate that very little of the resulting tryptophan is diverted from its major 
function — that of growth stimulation — to the production of kynurenic 
acid. On the other hand, hydrolysis of the amides ( — NHj, — ^NHEt, 
— NEt2, — NHCgHs, — NEtCeHs) of J-tryptophan seems to be more 
rapidly accomplished, as all stimulate growth and produce kynurenic acid 
more freely than acetyl-?-tryptophan, though not so readily as ?-trypto- 
phan. The fact that indolepyruvic acid can also without undue difficulty 
fulfill both functions of tryptophan, whereas ci-tryptophan yields little or 
no kynurenic acid, may likewise be regarded as indicating a relatively slow 
conversion of d-tryptophan into i-tryptophan through the pyruvic acid. 
However, interpretation of the data is complicated by the circumstance 
that the growth studies were carried out with diets devoid of tryptophan, 
which was not true of the experiments on the production of kynurenic 
acid. In the absence of an urgent demand for tryptophan it is conceiv- 
able that a related compound such as indolepyruvic acid may be metab- 
olized more extensively by oxidative degradation than by amination to 
i-tiyptophan. 

The behavior of the two varieties of indolelactic acid is of interest: 
the body apparently possesses an enzyme capable of converting the dex- 
trorotatory, but not the levorotatory, variety into the keto acid, and it 
has been suggested that the dextrorotatory form has the same con- 
figura ' as Z-tryptophan, from which it is produced by Proteus but not 
by Oidium ladis. Finally, it is clear that, while kynurenine is an inter- 
mediate in the production of kynurenic acid, it cannot be biochemically 
converted into tryptophan. 

A study of three methyl derivatives of dZ-tryptophan, 



has shown that the power to stimulate growth is not impaired by 
methylation of the a-nitrogen atom of tryptophan, but is completely 
inhibited by introduction of a methyl group into either nucleus of the 
indole structure. 

A methyltryptophan in which the pyrrole-nitrogen atom is niethyl- 
ated has been synthesized from indolealdehyde by methylation fol- 
lowed by the Erlenmeyer procedure, sodium lead alloy being employed 
for reduction of the azlactone. 

Gordon and Jackson, 110, 161 (1035). 

^ Wielandt Konz, and Mittasch, Ann,, 013 , 1 (1934). 
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CHO 

1 

,C. 


CHO 




CH— C-N=«CC.Ht 

1 I I 

/C^ CO — 0 


H 


CH, 


CH, 


CHj— CH-NH* 


CoH. 


<> 


CO*H 

IH 


CHs 


The product is precipitable from acid solution by mercuric sulfate, but 
fails to pve the characteristic color tests with glyoxylic acid and with 
p-dimetliylaminobenzaldehyde. 

The trimethylbetaine of i-tiyptophan, hypaphorine, has been isolated 
from the seeds of a Javanese tree.^ A closely related compound, bufo- 
tenine, 


Oo 


chh::hn+(chj), ^<^1 


CO,- 


Co 


|CHr<^H,N(CH8), 


Hypftpbori&e 


Bufotexwe 


is present in the venomous secretion of the European toad.**^ 
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INTRODUCTION 

The term alkaloid, meaning alkali-like, is applied to naturally occur- 
ring basic nitrogen compounds, and is, in general usage, limited to those 
of plant origin. Most of the alkaloids have the nitrogen atom linked 
in a cyclic structure, are optically active, and show marked physiolo^cal 
activity, although a few substances classified as alkaloids are excep- 
tional in respect to one or more of these characteristics. A vaMty of 
open-chain simple bases, As the cholines, amino acids, and phenylalkyl- 
amines, are distinguished from the true alkaloids, by some authorities, 
under the name vegetable bases. The distinction is somewhat arbitrary, 
and ephedrine, mescaline, and a few similar bases will be treated here as 
alkaloids. 

The nomenclature of the individual alkaloids has not been systenu^- 
tized, for historical reasons and because of the complexity of the struc- 
tures involved. A great many important alkaloids have received names 
derived from those of plants, as papaverine, hydrastine, berberine. A 
few are named from their physiolo^cal action, as morphine, narcotine, 
and emetine; several from their physical characteristics, as byline and 
porphyroxine; only one, pelletierine, has been named for an alkaloid 
chemist. The name of the principal alkaloid with a prefix or suffix is 
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c^tea applied to the minor aHEaldds found in the eame plant, as for 
example in the cinchona eeries; related bases are sometimes named by 
tran^x)sitions, as narootine, cotamine, and tarconine. It is customary , 
to designate isomeric new bases (often transformation products of the 
natural tdkaloid) with such prefixes as iso, pseudo, oEopseudo, neo, epi, 
or with Greek letters (see the codeine isomers and the methylmorphi- 
methines, p. 1222), or occasionally with a sufiSxed Roman letter. 

The alkaloids as a class are well-crsrstallized colorless compounds; 
a few, notably arecoline, sparteine, the hygrines, and most members of 
the coniine and nicotine groups, are liquids. The liquid alkaloids are 
generally oxygen-free. Colored alkaloids are rare; berberine is yellow, 
and the salts of sanguinaiine are copper-red. Nearly all alkaloids form 
CiystoUine salts, which are often utilized in isolating or purifying the 
haae; the acids usually employed are sulfuric, oxalic, perchloric, tar- 
taric, salicylic, and the halogen acids. Most alkaloids react with alkyl 
halides^^ especially methyl iodide, to give crystalline addition products. 
Secondary amines give with methyl iodide the N-methylated hydriodide, 
tertiary amines give methiodides, which are of importance for degrada- 
tive reactions. The so-called alkaloid reagents are used for the detection 
and often for the identification of minute amounts of the natural bases 
or their derivatives, and can be divided roughly into precipitants and 
color reagents. The precipitating reagents combine with alkaloids to 
give almost insoluble addition products, and thus may serve to demon- 
strate the presence of alkaloidal material, even in very small quantities, 
in drugs or plant extracts. A few of the reagents, however, are known 
to form precipitates with non-alkaloidal classes (proteins and glucosides). 
The alkaloid chemist utilizes the precipitants as convenient reagents for 
the approximate estimation of the amount of alkaloid remaining in 
aqueo^ solution after filtration or extraction. The precipitates often 
have a definite, constant composition, and call be employed for analysis; 
they sometimes crystallize in characteristic forms on the microscope 
slide, and permit preliminary identification of the alkaloid. Among 
the more important precipitating reagents may be mentioned Mayer’s 
(potassium merciuic iodide), Soimenschein’s (phosphomolybdic acid), 
KnorriB (picrolonic acid), Hager’s (picric acid), Wagner’s (potassium 
triiodide), DragendorfiTs (potassium bismuth iodide), Scheibler’s (phos- 
photungstic add), and Bertrand’s (silicotungstic acid) ; further, cbloro- 
platinie and chlorauric adds, which are adapted to analytical use. In 
individual cases the predpitating reagents, especially picric acid, have 
be^ used to separate mixtures of alkaloids. 

Th&.n(dor reagents mostly consist of dehydrating or oxidizing agents, 
or eomlnnations of these, to which alddiydes may also be added. The 
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alkaloidal residue obtaiaed by evaporation of solutions ill a pcu'oebuii 
dish is moistened with the reagent, and often wanned, and the ctdor pro* 
duced is compared with that from known samples. In eertain cases, as 
for example, LautenschlSger’s diazosulfanilic acid reagent for morphine, 
dilute solutions are employed, and the amount of alkaloid present can 
be determined with the colorimeter. The common color reagents are 
concentrated sulfuric acid solutions of such substances as formalde- 
hyde (Marquis' reagent), nitric acid (Erdmann’s), potassium dichromate 
(Luchini’s), potassium permanganate (Wenzell’s), or molybdic acid 
(Frohde's). 

Alkaloids are found almost exclusively in phanerogams, the seed- 
bearing plants, for the most part in dicotyledons, seldom in monocotyle- 
dons; occurrence in cr}q)togaina is rare (ergot). The same spiiiks Cff 
genus may contain many different alkaloids, which are, however, usually 
related in structure. From the opium poppy, for example, ten members 
of the benzylisoquinoline group have been isolated, which differ chiefly 
in the nature of peripheral groups, or in the degree of hydrogenation of ' 
the nucleus. The four morphine-type alkaloids found in the same plant 
differ from each other in the same way, and in theory, at least, can be 
related to the benzylisoquinoline group by the establishment of a single 
new carbon-to-carbon linkage.*’ *’ * It is indeed difficult to find any case 
where unrelated alkaloids occur in a single species. A given alkaloid is 
seldom present in different plant families; berberine, protopine, and 
the xanthine derivatives are exceptional in this respect. The alkaloidal 
content may be greatly influenced by selection and cultivation; planters 
have been especially successful in increasing the quinine yield from the 
cinchona tree in Java. The function of alkaloids in the plant is still a 
subject of speculation. The alkaloids are generally concentrated in the 
living tissue at points of intense ceU activity, whence they are of'^|p cast 
aside and stored in such <fead structures as the seed hulls or outer bark. 
They are regarded as by-products of plant metabolism (Tschirch), in 
contrast to the simple bases and betaines that probably constitute the 
building units for the formation of plant proteins. Other theories that 
have been advanced conceive alkaloids to be reserve materials stored for 
protein synthesis; protective sul^tances discouraging animal or insect 
attacks; plant stimulants or regulators similar to hormones; or detoxi- 
cation products, rendered harmless to the plant by methylation, conden- 
sation, ring closure, and other synthetic processes. 

Alkaloids occur usually in the form of salts of the common natural 

* GuUaiid and Robinson, Mem. Proc, Manchester Lit. Phil. Soc., 89, 79 (1925). 

» SchSpI, Ann., 459, 211 (1927). 

• Awb, Arch. Pharm., 979, 466 (1934). 
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(^^aaio or inorgiuQic adids, or of adds peculiar to llie plant family, as 
' mMNonic add in the poppy, or qiunic add in cinchona. Occasionally ^ 
alkjdcHcb are present in the free state, because of extremely ^reak basic 
l»operties, e.g., narceine and narootine. More rarely they exist in com* 
bination with sugars, for example the glucoalkaloid solanine (p. 1467), or 
in ^e form of amides (pipeline), or esters (atropine, cocaine) of cH'gatuc 
adds. The crude al^oid is separated from the powdered plant parts 
by extaaction with water, alcohol, or dilute acids (hydrochloric, sulfuric, 
or acetic) ; or the vegetable material may be treated with alkali and the 
alkaloid extracted by organic solvents. For volatile alkaloids (nicotine 
and coniine groups), steam distillation is employed. The crude mixture 
of alkaloids obtained by these methods always contains coloring matter 
and r<MhsB, and is generally purified by repeated crystallization of spar- 
in^y soluble salts. Adsorbing agents (charcoals) are frequently used 
to remove color; occasionally the colored impurities can be destroyed by 
oxidation, as is the practice in cocaine manufacture.^ The individual 
alkalmds are usually separated through differences in solubility of their 
various salts. The separation may sometimes be accomplished by utiliz- 
ing differences in basicity of the alkaloids, i.e., fractional extraction or 
preripitation. In this method, which was developed by Gadamer, a solu- 
tion of the mixed alkaloids in dilute acid is treated with successive small 
portions of ammonia or sodium hydroxide, and the liberated alkaloid is 
extracted with an organic solvent after each addition of alkali. The first 
fractions will contain the weakly basic alkaloids, the last fractions the 
more" strongly basic. Conversely, a solution of the mixed alkaloids in 
benzene, ether, or chloroform may be extracted with many small portions 
of dilute acid, the strongest bases being extracted first. 

The firet step in structure determination consists in isolating the 
nitrofy-containing portion of the alkaloid, whether by simple liberation 
from salts, or by hydrolytic processes as exemplified by the glucoalkaloids 
and cocaine types. Hydrolysis of new alkaloids must, however, be em- 
ployed with caution, since in some types of alkaloid structure, for exam- 
ple narcotine, hydrastine, thebaine, strychnine, the basic portion itself 
may be split or undergo racemization. After determining the empirical 
ffmuula and the optical rotatory power of the pure alkaloid, the chemist 
proceeds to ascertain the function of oxygen and nitrogen, how the 
mdlecole may be brokm into simple fragments, and what the funda- 
mental ring system may be. The presence of oxygen as a phenolic 
hydrOTQrl is diown by alkali solubility, ferric chloride reaction, acylation, 
and al^lation; in the form of an alcoholic hydroxyl by reaction with 

* Schwyxer, “Die Fabrilution dor Alkaloide," Springer, B^lin (1927) ; “Die Fabrilca- 
tk>n pluut&axeutuMher und ohemiach.technischer Produkte,” Springer, Berlin (1931). 
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pfao£fpboru8 cUorides or thionyl chloride, by acetylation, 'or occasioaa]^ 
by deh3?tiration or oxidation. Carboxyl groups (arecaidine, narc^ne) 
confer solubility in sodium carbonate or ammonia, and their presence 
may be demonstrated by esterification. Ether-linked methoxyl groups 
and acetal-linked methylenedioxyl groups occur frequently. Metiioxyl 
groups can be estimated quantitatively by the method of Zeisel*’ * or of 
ViebSck,^ which involves boiling the substance with concentrated hydri- 
odic add and determining the amount of methyl iodide formed. The 
detection and quantitative estimation of the methylenedioxyl group are 
accomplished by reactions in which formaldehyde is split out by means 
of sulfuric acid.‘ No other alkoxyl groups have ever been found, a fact 
that indicates the importance of formaldehyde in the phytochemical 
synthesis of alkaloids. Many alkaloid structures are so staDM that 
methoxyl or methylenedioxyl groups may be split without other struc- 
tural changes, whereby the corresponding hydroxy bases are obtained. 
For this purpose, constant-boiling hydrobromic acid, or aluminum bro- 
mide, has proved particularly useful.*’ * Carbonyl groups (cryptopine, 
narceine) may be identified by the usual methods; lactone (narcotine, 
hydrastine), lactam, or betaine (arecoline, hypaphorine) groups are 
usually detected by hydrolysis. 

The determination of methyl groups on nitrogen is carried out by the 
method of Herzig and Meyer,*’ ** which consists in heating the alkaloid 
hydriodide at 200-300° and estimating the methyl iodide formed. This 
process may be carried out in combination with the Zeisel analysis for 
methoxyl groups. Occasionally the methyl group on nitrogen (higher 
N-alkyl groups are never found *) can be replaced by hydrogen through 
the action of cyanogen bromide, nitrous acid, alkaline permanganate, 
or other reagents, yielding secondary amines. These are distinguished 
by nor prefixed to the alkaloid name, but the same prefix is soni^times 
used to designate bases obtained by demethylation at oxygen. 

With few exceptions the nitrogen in alkaloids is in a ring structure, 
and can be only secondary or tertiary. It is often difficult to distinguish 
between these two forms. Tests for the secondary amino group which 
depend upon reactions of active hydrogen cannot be evaluated until tiie 
number of other active hydrogens in the molecule is known. Nitrogen 

' Zeisel, Monatsh., 6 , 989 (1885) ; 7 , 406 (1886). 

' Meyer, “Analyse vmd Konstitutionsermittlung organisoher Verbinduiigen,” Stniager, 
Berlin (1922). 

' Viebdok, Ber., 68, 2818, 3207 (1930). 

» Schapf and TUerfelder, Ann., 497 , 22 (1932). 

’ Mosettig suid Burger, J. Am. Chem. Soe., 88, 2988 (1930). 

” Heraig and Meyer, MonaUh., 15, 613 (1894) ; 16, 699 (1896) ; 1*. 379 (1897). 

* This statement must now be qualified, Since Fieudenberg (Ber., 69 , 19^ (19S6)] liM 
proved that aconitine contains an N-ethyi group. 
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is gKieraUy assumed to be tertiary if the usual reactions *• “ for sec- 

ondary nitrogen are negative.* The ability to form amine oxides with 
80 per cent hydrogen peroxide, and to react with 1,5-dibromopentane “ 
with formation of pentane diammonium bromides, is sometimes used to 
chaxacteiize tertiary bases. The most generally applicable method for 
ascertaining structure is exhaustive methylation, also known as the Hof- 
mann degradation. This depends upon the tendency of many quater- 
nary ammonium hydroxides to decompose with loss of water and scission 
of a carbon-to-nitrogen linkage when heated,! and often gives imme- 
diate structural information. With an open-chain tertiary amine, a 
single methylation and decomposition suffices to eliminate nitrogen as 
trimethylamine. 

RCH,CHjN(CHj)j RCHsCHsNtCHs),! RCHjCHsN(CHa)jOH 
RCH=CH 2 + N(CHs)s + HjO 


If, on the other hand, two of the nitrogen valences are involved in a 
hydrc^nated ring structure, the first decomposition yields an unsatu- 
rated open-chain amine, with which the process must be repeated before 
nitrogen can be split out and the carbon skeleton exposed. 


CHj CH, CHj CH* 
CHt CH* CH* CH* 

I CH/ I X)H 

H CH, 
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CH* CH* 
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N(CH,)2 
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CH* CH 

CH 

CH 

CH 

11 
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CH* CH* 
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CHi 


/ 

Ho/^%(CH,), 


*‘Houben, “Die Methoden der organ. Cfaemie," 2nd ed., Thieme, Leipzig (1025), 
Vol. IV, pp. 369, 602. 

Roaenthaler, “Der Nachweis organ. Verbindungen," 2nd ed,, Enke, Stuttgart (1923), 
p. SU. 

* Such teaotiona must be interpreted with caution. Some tertiary bases (e.g., apomor- 
piune, morpho&ebame) yield N-benzoyl derivatives through ring scission. 

“ von Braun, Ber., 41, 2156 (1908) . 

t For a discussion of the probatde mechanism see Schlenk-Bergmanh “AuefilhrlicltMi 
liehrbuch der oiganischen Cbemie,'’ Deuticke, Leipsig and Vienna (1932), Vol. I, p. 66. 
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See for example the degradation of pseudopelletierine to cycloootadiene, 
p. 1183. ^ In accordance with a suggestion of Willstatter,^ the unsatu- 
rated amine formed in the first step of exhaustive methylation usually 
receives the prefix des-. The suffix -methine is also sometimes used to* 
designate these compounds (see the codeine series). Where nitrogen is 
linked in ring structures through three valences, three methylations and 
decompositions are necessary to eliminate the nitrogen. This is true of 
canadine or tetrahydroberbeiine,*® in which the following ring system is 
present: 


0 CHj 



The Hofmann degradation is not applicable to all types of alkaloids; it 
fails with unhydrogenated pyridine, quinoline, and isoquinoline deriva- 
tives, and with hydrogenated quinolines. A useful modification, the 
Emde degradation, involves treating an alcoholic or aqueous solution of 
the quaternary halide with sodium amalgam. The Emde degradation 
may yield the same degradation product as the Hof mann method, or a 
reduced derivative, sometimes a mixture of the two. It often succeeds 
with ring systems that cannot be degraded according to Hofmann. Tetra- 
hydrodimethylquinolinium halides, for example, split off methyl alcohol 
to give N-methyltetrahydroquinoline when heated with alkali. By 
Emde’s process, the principal product is y-dimethylaminopropylben- 
zene. 



+ CH,OH 


u Willst&tter, Ann., S17, 268 (1901). 

^ MoDavid, PerkiUt'and RobinBoa, J, Chem. Soe., 101, 1218 (1912). 
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Itii tBtrai^drodimetiiYlisoqumoIiiuum halides, botJi methods yidd the 
ane primary product, (o-vinylbenayOdimethylajaime, but furtiier degra- 
itkm by Hofmaam is unsuccessful, whereas application of the Emde 
ethod results in (wnethylstyrene.“* “ 



lias been discovered recently that some quaternary ammonium hal- 
Les can be degraded smoothly by catalytic hydrogenation, but the 
lethod has been applied to only a few alkaloids.^* 

Two other methods for opening nitrogen-containing rings were de- 
ised by J. von Braun.*® One of these, applicable to cyclic secondary 
mines, consists in treating the benzoyl derivative of the amine with 
hosphorus halides. From benzoylpiperidine, for example, e-chloro- 
mylamine is obtained. 



When the reaction is carried out at a higher temperature, 1,6-dichloro- 
pentane and benzcmitrile are the products. The second v(ni Braun degra- 
dation makes use of cyanogen bromide, CNBr. This reagent reacts with 
tertiary nitrogen compounds to break one carbon-to-nitrc^^ Unkage, the 
cyano group becoming attached to nitrogen and the bromine atom to 
Oturbon. Qyclic N-alkyl compoimds may be dealkylated irith ftmaatioa 
of a cydic N-cyano derivative, or the ring may be tokened with foimation 

**EQ»)e and EnU, Areh. Pharm^ ttt, 469 (1934). 

WmAe, Am., n%, 68 (laiS). 

I and STi, 173 (1936). 

»aA Bo^ada. C. A.. M, 6240 

SBIIiHa.lBkaiaaL aftlE 410O4)i 61, 9WlA'00XD* 
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of a cyan amino derivative, depending upon the structural feature adja- 
cent to the nitrogen atom. The cyanogen bromide degradation is of 
interest because it often succeeds with compounds that resist the Hof- 
mann degradation, further, because it opens the ring at a different point 
from the latter. The degradation of hydrocotamine (p. 1220), for exam- 
ple, proceeds thus; “ 



Other vigorous degradations are often employed to determine the 
fundamental structures present. Oxidative methods have been widely 
used; see, for example, nicotine, cinchonine, papaverine. Oxidising 
agents employed are chosen according to the degree of degradation de- 
sired and the stability of the structures present. Mild oxidizing agents, 
as silver acetate, mercurous acetate, or alkaline potassium ferricyanide, 
may cause only partial dehydrogenation. Chromic acid and alkaline 
permanganate have been used most frequently, and by control of tem- 
perature and concentration it is often possible to oxidize in steps until 
only the most resistant nuclei remain unattacked. Lead peroxide or 
manganese dioxide in sulfuric acid, nitric acid, hydrogen peroxide, and 
alkaline solutions of bromine or iodine have been used in individual cases. 
‘Disiiflla.txon over hot zinc dust breaks the molecule down to stable ring 
systems', morptnne ^ves phenanthrene, cmchomne y\e\dB quindfine and 
picoline, strychnine gives lutidine and carbazole. Other reductive meth- 
ods, especially sodium and alcohol, and catalytic hydrogenation, have 
helped to establish relationships between alkaloids that differ in degree of 
oxidation, or owe their isomerism to differences in the position of unsat- 
urated linkages. Fusion with alkali, heating with bromine or phosphorus 
halides, and similar drastic reactions are often used in d^rading the 
allcaloida to known substances. From the fragments thus obtained it is 
sometimes posmble to make a reasonable structural picture the alkSr- 
loid itself. 

The oonstitution of a oonoderable number alkal(^ds m now Iwem 
Vitix certainty, and for many the structural fcmnnk has been omItaKMl 
« TOO 2024 (19ie>. ' 
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by syntheffls. Especially noteworthy are the methods developed in recent 
years by C. Bchopf and G, Hahn for the synthesis of alkaloids under con- 
ditions comparable to those existing in the living plant. These investi- 
gations, which bring welcome support to the inspiring speculations of 
Wmterstein and Trier, and Robert Robinson, are summarized in the 
concluding paragraphs of this chapter. The discovery of new and often 
medicinally important alkaloids is proceeding more rapidly than struc- 
ture elucidation, and there still remain whole groups of long-known valu- 
able alkaloids concerning whose structure there is little knowledge (for 
example, the aconite and veratrine groups), as well as many individual 
alkaloids whose empirical formula is still uncertain. There are few fields 
of organic chemistry where so many unsolved problems lie at hand. It is 
possible to discuss here only a limited number of the more important 
alkaloids, which have been chosen as representatives of various hetero- 
cyclic systems most frequently found in nature. For more complete 
information, the numerous exhaustive textbooks on alkaloids must be 
consulted.®* 

PHENYLALKYLABilNE GROUP 


The phenylalkylamine bases ephedrine and hordenine depart from 
the conventional alkaloid definition in possessing an open-chain amine 
structure. Ephedrine has in other respects typical alkaloid properties, 
and especiaUy because of its physiological action deserves discussion 
among the alkaloids. Hordenine, because of its obvious relationship to 
the cyclic bases from AnfiaUmium species, is treated under the mescal 
alkaloids (p. 1209). 

Ephedra Bases. The Chinese herb known as Ma huang, which has 
been used in the alleviation of a variety of ailments for some 5000 years, 
consists principally of the dried parts of Ephedra sinica or E. equisetina. 
At least six bases are present, of which the most important is i-ephedrine. 
It is accompanied by d-pseudoephedrine, f-methylephedrine, d-methyl- 
pseudoephedrine, f-norephedrine, and d-norpseudoephedrine. All these 
constituents, as well as their optical antipodes and racemates, have been 
synthesized. 

H H OHH 

i I II 

C.H»C— C— CH, CeHsC— C— CH, 

II II 

OHNHCH, H NHCHs 


I. Ephadrine 


II, Paeadoephedrme 


^Heniy, “The Plant Alkaloida,” Blaldston, Philadelphia (1939); Schmid t-Grafe, 
“AUceloide,’’ Uiban and S^waraenberg, Berlin (1920) ; Seka, "Alkaloide," Urban and 
Sdiwaraenberg, Berlin (1927, 1933). Other teztbooka and review articlee are listed under 
“Genertd Eefeimices” on p. 1237. 
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Ephedriue contains two diasimiiar asymmetric carbon atoms, so that 
four optically active isomers (p. 229) are possible. Of these, the natural 
bases J-ephedrine and d-pseudoephedrine are diastereoisomers, and are 
mutually interconvertible. Their optical opposites are known only by 
synthesis. The first structural determination in the series was carried 
out by Ladenburg,® who succeeded in demonstrating the nature of d- 
pseudoephedrine. It is a secondary base containing an alcoholic hydroxyl 
group, as indicated by the formation of a nitroso derivative and a 
dibenzoyl compound. The presence of a methyl group on nitrogen is 
evident from the appearance of methylamine when the base is degraded 
with hydrochloric acid, and the simultaneous formation of methylamine 
homologs shows that the methylamino group is not located at the end of 
a chain. Oxidation of pseudoephedrine gives benzoic acid or benzalde- 
hyde, pointing to a hydroxyl on the carbon adjacent to the benzene ring. 
Evidence from these degradations, therefore, shows the probable struc- 
ture for ephedrine and pseudoephedrine to be that of a propylbenzene 
carrying a hydroxyl and a methylamino group in the 1- and 2-positions 
of the side chain. 

The formulas derived for the ephedra bases from degradative reac- 
tions have been confinned by numerous syntheses.*^ Spath and Gohring 
prepared all the ephedrine isomers from l-phenyl-l-methoxy-2-bromo- 
propane. This was converted with methylamine to the corresponding 
2-methylaminopropane, which, on treatment with hydrobromic acid, 
yielded l-phenyl-l-hydroxy-2-methylaminopropane, racemic p^udo- 
ephedrine. The racemic base was resolved into the known (natural) 
d-pseudoephedrine and its enantiomorph l-pseudoephedrine, or isomer- 
ized to d,l-ephedrine, which could likewise be resolved into the enantio- 
morphic d- and I- (natural) ephedrines. 

OCHs OCHj OH 

I I I 

CeHBCH— CH— CHs -» C,HsCH— CH— CH, -♦ CeHsCH— CH— CH, 

I I I 

Br NHCH, NHCH* 

d,I>pB6udoephedriae 

The action of acids converts 1-ephedrine to d-pseudoephedrine, and 
prolonged heating with hydrochloric acid reverses this change. The rear- 
rangement apparently takes place through replacement of the hydroxyl 
group by halogen, followed by hydrolysis of the 1-phenyl- l-halogeno-2- 

Ladenburg and OeUchlUgel, Ber., IS, 1823 (1889). 

Eberhard, Arch. Pharm., 863, 62 (1916) ; 86S, 97 (1920) ; Sp&th and GOhiing, 
Monatth., 41, 319 (1920) ; (d) Nagai and Kanao, Ann., 470, 167 (1929) ; Manske and John- 
son, /. Am. Chem. Soc., 61, 680 (1929) ; Skita and EeU, Ber., 88, 1142 (1929). 
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&Aietib.ylanunoprop>aiie with inversion at the number one oarbcHi atom." 
The oonfiguration of 2 -ephedrine and of d-pseudoephedrine as in formulas 
I and II was established by Freudenberg through relationships to S3m- 
thetic material of known configuration." The synthesis of the natural 
ephedrine homologs is described ^ by Nagai and ICanao. 

The i-ephedrine of commerce is mostly of 83mthetic ori^. The labo- 
rious and wasteful separation of d.l-isomers is avoided by an ingenious use 
of enzymes. Sugar is fermented in the presence of benzaldebyde, 
whereby fet;o-l-phenyl- 2 -ketopropanol-l 

C»H 6 — CH— C-CH, 

I li 

OH O 

is formed, probably through an enzymatic condensation between ben- 
zaldehyde and acetaldehyde. The levo ketone is then condensed with 
methylamine under reducing conditions, giving Z-ephedrine directly.” 

Ephedrine has a strong mydriatic action. It contracts the blood ves- 
sels and causes a prolonged rise in blood pressure. Its astringent action 
on mucous membrane is utilized in treating allergic conditions such as 
hay-fever and asthma, and in shrinking engorged nasal tissues. 

PYRIDIITE GROUP— HEMLOCK, PEPPER, POMEGRANATE, 

AKECA NOT, AND CASTOR-BEAN ALKALOIDS 

Hemlock Alkaloids. The hemlock herb or spotted cowbane, Conium 
maculatum, contains five alkaloids, coniine CgHirN, y-coniceine CgHisN, 
conhydrine C8Hi70N, pseudoconhydrine CgHixON, and N-methylco- 
niine C»HigN, in combination with malic and caffeic acids. Coniine 
was isolated in 1831 , but its constitution was not determined until about 
fifty years later (Hofmann) .** Coniine is a strongly alkaline, dextrorota- 
tory liquid, of penetrating odor and burning taste. When its hydro- 
chloride is distilled with zinc dust, a new base, con3Tine, containing six 
less hydrogen atoms, is formed. Conyrine can be reduced again to 
(optically inactive) coniine with concentrated hydriodic acid. 

C8H17N — * CsHiiN + 6 H 

Ctmilne Coiiym« 

Further information on the structure of coniine was obtained by the 
(^dation of conyrine, which yielded o-picoUnic acid. 

” Ckim. Acta, 13, SCfi (1929) ; Emde and Spa«ihauer, ibid., 13, 3 (1930). 

’*Pieudeaberg, Bchoeffei, and Braun, J. Am. Chem. Soe., M, 234 (1932) ; Freudenberc 
and NilEolai, Ann., CIO, 223 (1934). 

^ Hildelvandt and Eisvdm, U. 8. pat. 1,9G6,960. 

H Eolmaan, Betn 18, 5, 109 (1885). 
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I. Coniine 11. Conyrine III. o-Piooliaic Asid 


Since two carbon atoms were lost in the oxidation, conjTine was thus 
shown to be an a-propylpyridine. It was found not identical with the 
known a-isopropylpyridine and was therefore assigned the alternative 
formula, a-n^propylpyridine. Coniine is the dextro form of onv-pio- 
pylpiperidine. 

Formula I is in accord with the behavior of coniine as a secondary 
amine in its reactions with acylating agents and with nitrous acid, and 
found confirmation in Ladenburg’s synthesis * in 1886, the first synthe- 
sis of an alkaloid. In general, when pjrridinium alkyl halides are heated 
under pressure, the alkyl group shifts to the a- or y-position, yielding the 
corresponding alkylpyridines. Ladenburg’s attempts to prepare cony- 
rine by this method failed because of isomerization of the 7i-propyl group 
to isopropyl under the drastic conditions involved. The coniine syn- 
thesis was finally accomplished by condensation of a-picoline with paral- 
dehyde and reduction of the condensation product to a-propylpiperidine 
with sodium and alcohol. The optically inactive product yielded on 
resolution with tartaric acid a dextrorotatory base identical with coniine 
(see also Hess).** 

7 -Coniceine contains two hydrogen atoms less than coniine. It is 
optically inactive, hence the asymmetric carbon atom of coniine must 
be involved in the unsaturation; on reduction, y-coniceine gives d,i- 
coniine. y-Coniceine can be prepared from chloro- or bromo-coniine by 
the action of alkali, or from conhydrine by dehydration, facts which find 
an explanation in formula IV. y-Coniceine was synthesized by Gabriel.® 

Conhydrine represents a coniine in which an alcoholic hydroxyl group 
replaces a hydrogen atom in the side chain. The poation of this hydroxyl 
was long uncertain, but has been proved by the identity of the product 
of N-methylation and oxidation, methylconhydrinone (VI), with the 


H, H* 



IV. Y<!onioeins V. Conhydrine 

LadenbuTB, Ber., 1», 439, 2S73 (1880). 

** Hesa and Weltnen, Bar., S3, 139 (1920). 

» Gabriel, Bar., 43 , 4059 (1909). 


H, 

HaL.,iij/5rCOCjH» 

I ® 

CH» 

VL Methyloonhydrinoaa 
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ayniiietic l-(a-N-methylpiperidyl)-l-propanone.** Conhydrine can be 
r^noed to coniine. On oxidation it yields either the ketone d,i-conhy- 
drinone, or pipecolinic acid; the former is identical with synthetic 
l-(a-piperidyl)-l-propanone. 

Pseudoconhydrine is a structural isomer of conhydrine, which it re- 
sembles closely. It can be transformed through iodoconiine to cJ-coniine, 
or dehydrated to pseudoconiceine, an isomer of the y-coniceine mentioned 
above. Spath ® showed by degradation that pseudoconhydrine has the 
hydroxyl group in the piperidine ring, at the 5-position. The pseudo- 
conhydrinemethine resulting from the first step in the Hofmann degrada- 
tion was hydrogenated; the dihydro derivative, on oxidation, yielded 
enanthic acid (ra-heptylic acid), or on further degradation gave 1,2- 
epoxyoctane. A portion of the dihydro methine, undergoing the normal 
Hofmann degradation, gave 2-octanone, leaving no doubt as to the 
position of the hydroxyl in pseudoconhydrine. 


CH, 

« C^H \ 


H 




chT 


CH, (CH,), 

CH, 

HOC CH, 0=C'^ ^CH, 

Ir, in,— C iH, in, ^Hr-cja, 


:h,— CR, 


CH, 

lOC^ ^ch, 


N-Methylconiine occurs naturally in both d- and Worms. d-N- 
Methylconiine can be prepared from coniine by methylation, the d, 1-form 
from the pomegranate alkaloid methylisopelletierine (p. 1184) by reduc- 
tion. 

The conium alkaloids cause paralysis of the motor nerve endings, and 
all are poisonous. The hemlock drink used in ancient times to inflict the 
death penalty owed its toxicity to these bases. 

Pepper Alkaloids. The alkaloid piperine, Ci7Hig08N, occurs to the 
extent of about 6 to 9 per cent in the fruit of Piper nigrum, the source of 
black and of white pepper; it is present in lesser amounts in other Piper 
species. The sharp taste of pepper is apparently not due to piperine, 
but rather to an isomer, chavicine.*^ A third base, piperovatine, is also 
^own. 

Piperine is a very weak, optically inactive base, yielding on hydrolysis 

** Hms and Ormi, Ann., 441, 101 (102S) ; Spath and Adler, MonaUh., 63, 127 (1933). 

“Spath, Btr., 66, 601 (1933). 

“ Ott and LOdemann, Ber., 87, 214 (1924), 
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pipeiic acid and piperidine. The latter substance first became known 
from this source. Piperic acid is unsaturated, and adds four atoms of 
bromine or of hydrogen. On oxidation with permanganate, it ^ves 
piperonal, and finally piperonylic acid. Piperonylic acid breaks down 
to protocatechuic acid and carbonaceous products when heated with 
hydrochloric acid at 170“; conversely, it can be prepared from proto- 
catechuic acid by the action of methylene iodide and alkali. Its consti- 
tution as the methylene ether of protocatechuic acid is evident. 


HO— 

I. Protocatechuic acid 


HiC< 


. 0 -,^ 


COOH 


II. Piperonylic add 


Piperic acid differs from piperonylic acid by C4H4, which must be located 
between the aromatic nucleus and the carboxyl group in order to explain 
the oxidation of piperic acid. The formula thus obtained (III) was con- 
firmed by Ladenburg’s synthesis.*® 


H,C< 


.0 — I 


n 


CH— CH 


O— CHCOOH 

III. Piperic acid 


H* 



Piperine is the amide of piperic acid with piperidine, and was prepared 
by Riigheimer *® from piperoyl chloride and piperidine before either of 
the components had been synthesized. Except as a local irritant, piper- 
ine is practically without physiolo^cal action. 

Chavicine is the piperidine amide of chavicic acid. The latter is a 
geometrical isomer (cis-cis form) of piperic acid (trans-trans form).*^ 

Pomegranate Alkaloids. The bark of the pomegranate tree {Punica 
granaium) contains four or more low-melting or liquid alkaloids discov- 
ered in 1877 by Tanret, and named pelletierines in honor of the French 
alkaloid chemist Pelletier. The existence and nomenclature of some of 
the bases have been the subjects of considerable dispute, and only those 
of well-established constitution will be discussed here. 

The chief alkaloid, jjseudopelletierine (N-methylgranatonine), 
CsHisON, contains two piperidine rin^ having nitrogen and two carbon 
atoms in common, and is closely related to tropinone (p. 1195). The 

** Ladenburg and Stdiolti, fier., ST, 29S8 (1894). 

*• Riigheimer, Ber., 15, 1390 (1882). 

” Ott and Eiehler. Ber.. 65 , 2653 (1922). 
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atom is tertiary and tatnies a methyl group. The sin^e <aygen 
atom is linked in a ketone group, which stands between two methylene 
groups, as k shown by the ability of pseudopelletierine to form an oxime, 
and dibaizylidene or dikonitroso derivatives. By reduction at the 
carbonyl group, a secondary alcohol, methylgranatoline, is obtained. 
Thk base can be ccmverted through a series of intermediates to grana* 
tsmine, the parent substance of the series. Granatanine is a homolog of 
norhydrotroi»dine in the tropine series.** 


CHr- 

— CH CH, 

CHr-CH— CH, 

1 

CH, 

1 

1 1 

N-CH, CO 

1 1 

1 1 i 

CH, NH CH, 

1 1 1 

1 

CHr— 

1 1 
— CH CH, 

1 1 1 
CH,— CH— CH, 

t. neodopelletiarina 

II. Granatanina 


The constitution of pseudopelletierine rests upon degradations and 
synthesis. Distillation of granatanine hydrochloride over zinc dust gives 
ae-propylpyridine, a degradation parallel to that of norhydrotropidine to 
a-ethylpyridine.* Pseudopelletierine yields on oxidation a dibasic acid, 
methylgranatic acid, which still has a piperidine ring intact and contains 
the same number of carbon atoms as the starting material. Exhaustive 
methylation of methylgranatic acid leads through IV and V to suberic 


CH,- 

j 

— CH — 

-CH, 

CHr- 

1 

~CH— 

\ 

— CH, 

t 

CT, 

1 

I 

NCH, 

1 

I 

COOCH, 

1 

CH, 

1 

N(CH,), COOCH, 

1 

CHr- 

1 

-CH — 

-COOCH, 

1 

CH= 

=CH— 

—COOCH, 


in. Methylgranatic eater IV. Dimetbylgranatemo eater 


add,*® demonstrating the presence 
in pseudopelletierine. 

CHr-CH=-CH-COOH 

I 

CHj 

1 

CH=CH— COOH 

T. Homopipeijlracduaiboxyfio add 


an unbranched eight-carbon chain 
CHj-CHj-CHj— COOH 

I 

CH, 

I 

CHr-CHr-COOH 

VI Suberic add 


of 


Pseudopelletierine itself was degraded by WiUstatter ** through meth- 
ylgranataidne to cydodctadiene, which could be reduced to cyclobctane, 
or dehydrogenated (by ^ device described on p. 1196 for the tropilidene 

•• atumician aad SSbw, Ber., 16 , 2738 (1893). 

** Ciamioifui and SUber, Ber., XT, 28S0 (1894). 

M Piccimiii, Oaae. efttm. Hal., [11] M, 104 (1899) ICAem. Zenir., 11, SOS (1899)1. 

«> WiUsmtter and Wooer, Ber., 48 , 1176 (1910) ; 44 , 8423 (1911). 
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synthesis) to the cyclodctatetraene so signihcant to theories concerning 
aromatic ring structure (p. 129). 


CHr- CH CH* 

I I I 

CHj N(CH,)40HCH* 

I I I 

CHr-CH CH, 

VII. Methylntuiatanind 
methohyOFoxide 


CHr-CH CH, 

I I I 

CH, N(CH,), CH, 

I I 

CHr-CH=— CH 

VIII. dw-Dimethyl- 
gra&atanine 


CH==CH-CH* 

I I 

CH, CH, 

I I 

CHr-CH=3CH 

IX. CydoSetaSiene 


Pseudopelletierine was synthesized by Menzies and Kobinson" 
through a reaction developed as a result of theoretical speculations on the 
mode of formation of the alkaloid in the plant. Glutaric aldehyde, meth- 
ylamine, and calcium acetonedicarboxylate were condensed, the product 
acidified, and the free dibasic acid distilled in a high vacuum, yielding 
pseudopeUetierine. 

CHr-CHO CH,-COO 5? 

I I 

CH, + CHaNH, + CO ^ 

1 I Ca 

CHr-CHO CH-r-COO ~ 

CHr-CH CH— COO % CHr-CH CH, 

III III 

CH, NCH, CO -►CH, NCH, CO 

III Ca I I I 

CH,— CH CH-COO ~ CHr-CH CH, 


The synthesis of pseudopelletierine by a parallel reaction, under simu- 
lated physiological conditions, is discussed at the end of this chapter. 

Pelletierine (often called punicine), CgHuON, is an aldehyde pos- 
sessing the carbon-nitrogen skeleton of coniine, to which it can be 
reduced. The oxime of pelletierine gives on dehydration a nitrile, which 
is saponifiable to pelletieric acid, identical with a-piperidylpropionic 
acid, whence the structure X follows for pelletierine. This alkaloid, in 
spite of its simple formula, has not been syntheazed.* 

H, H, 

H,L,^ J=rCH,CH,CHO H,l^l^J^H,CH,COOH 

H ^ H ® 

X. Pelletieniie XI. Pelletierio acid 

** Meniiea and Robinson, J. Chem. Soe., lU, 2163 (1924). 

* For a discussion of the difficulties involved, see Sinelman, Swadaah, and Mortenaon. 
J. Org. Chem., 6, 780 (1941). 
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H, 

H,kN^H*COCH, 

H 

(CH,) 

XII. bopelletisrise (Methyluopelletierine) 

Isopelletierine and methylisopelletierine occur in very small amounts 
in pomegranate bark. The bases react readily with ketone reagents, and 
the course of oxidation shows that the carbonyl group must be in the side 
chain. Methylisopelletierine yields on oxidation N-methylpipecolinic 
acid, on reduction d,l-methylconiine (p. 1180), 


CHs — 

1 

CH* 

1 

— CH — 
1 

NCH» 

1 

-CHj 

1 

CO 

1 

H* 

Hj^nJ^HjCOOH 

H, 

CH 2 CH 2 CH, 

CHr- 

— CHt 

CH, 

1 

CH, 

CH, 


Xlla 


XIII. N-MethvlpipeooUnio 
ftcia 

XIV. Methylooniine 


The poffltion of the carbonyl group in the side chain was determined by 
Hess **■ " and Meisenheimer ** through the identity of methylisopelle- 
tierine with l-(a-N-methylpiperidyl)-2-propanone. A slight rearrange- 
ment of the methylisopelletierine formula (Xlla) shows the relationship 
of the piperidine type pomegranate alkaloids to the condensed ring 
system of pseudopelletierine. 

Pelletierine, usually as a mixture of the pomegranate alkaloids con- 
sisting chiefly of pseudopelletierine and isopelletierine, is used as an 
anthelmintic; it acts specifically on tapeworms. 

Areca Nut Alkaloids. The fruit of the betel palm, Areca caiechu, is 
used as a mild stimulant and narcotic by some 200,000,000 persons in 
India, the Philippines, and the islands of the Pacific and Indian Oceans. 
Betel chewing is one of the most widespread habits of man. The chew 
usually consists of a piece of areca nut rolled in a leaf of the betel pepper 
{Piper beOe) with some lime and a little gambir, tobacco, or catechu. 
The combination is chewed throughout the day, and often held in the 
mouth at night. It stimulates excessive salivation, and the saliva is col- 
ored blood-red by the action of the lime and gambir on the coloring mat- 
ter of the areca nuts. The teeth are blackened rapidly. The addict 
experiences a feeling of well-being, good humor, and contentment. The 
craving for the drug is intense, but the habit does not appear to cause 
any degeneration." Of the five alkaloids that have been isolated from 

" Hess and littmann, Ann., 4M, 7 (1932). 

^ Metsenheiiner and Mailer, Ann., 462, 301 (1028). 

** I«wui, “Fhantastioa. Naraotie Mid Stimtilatins Drugs,” Dutton, New York (1931). 
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areea nuts, arecoline is the most important in respect to physiological 
action, but other substances present in the nuts probably contribute to 
the intoxicating effect. 

Arecoline, C38H13O2N, is an optically inactive liquid base, present to 
the extent of about 0.1 per cent in areea nuts. On hydrolysis it is split 
into methyl alcohol and arecaidine, C7H11O2N, another alkaloid that is 
found in smaller amounts in the nuts. Arecaidine is amphoteric; it 
forms salts both with acids and with alkalies. On esterification with 
methyl alcohol it is converted to arecoline. The nitrogen atom carries 
a methyl group that can be split off as methyl chloride by hydrochloric 
acid at 240®; on treatment with lime, methylamine is formed. 

The formula of arecaidine was thus resolved into 


CHsN<C8H7— COOH 


which led Jahns to the conception that it must be a partly saturated 
pyridine derivative related to nicotinic acid. This theory was confirmed 
by synthesis ; ^ nicotinic acid methochloride, on reduction with tin and 
hydrochloric acid, yielded arecaidine. 



OOH 4H 




/\ 

CH, Cl 

I. Nicotinic add methochloride 


COOH 

1 

CH, 

II. Arecaidine 


+ HCl 


The optical inactivity of arecaidine leaves only the 2,3- and 3,4- 
positions in question for the double linkage. This uncertainty was elimi- 
nated by the synthesis of Wohl.^^ Acrolein was converted by the action 
of alcohol and hydrogen chloride into |6-chloropropionaldehyde acetal, 
and two molecules of this product were condensed with methylamine. 
The resulting methylaminodipropionaldehyde diacetal gave on hydroly- 
sis the dialdehyde, which underwent ring closure with loss of water, 
yielding the aldehyde corresponding to arecaidine. This was transformed 
through the oxime and nitrile to the acid, arecaidine. 


CH(OEt), (EtO),CH CHO CHO 

(!:h, tin, - (!:h, diH, 

(in, Cl H, Clin, <[:h, in, 

<!;h, (Ijh, 



Jahns. Btr., XI. 3404 (1888) ; XS. 2072 (1890) ; X4, 2615 (1891) ; Arch. Pharm., W, 
6d9 (1801)* 

« WoU and Johiuon. Btr., 40. 4712 (1907). 
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Aieotudioe can also be oonsidesed tbe tetrahydro derivative of tlw 
betsise type, trigonelline (nicotinic add methyl betaine). For areooline, 
the eorr^ponding quaternary ammonium formula (IIlo) is in better 
accord witb the physiolo^cal action tban the ester formula (III). 



CH, CH, CH, H 


m. Aieoolina Ilia 17. Ouvodne 

Guvadne (norarecaidine) and guvacoline (norarecoline) are minor 
alkaloids, related as add and methyl ester. The constitution of the pair 
is evident from the identity of guvacine with 1 , 2 , 5 , 6 -tetrahydronicotinic 
add, further from the conversion of guvadne into arecaidine by N- 
methylation. 

Arecoline stimulates salivation and perspiration; in larger doses it 
kills by respiratory paralysis. Areca nut extract, as well as arecoline, has 
vermifugal action and is used for this effect in veterinary medicine. Betel 
chewers, nevertheless, are often afflicted with intestinal parasites; the 
aikaldds probably reach the intestinal tract in too low concentration to 
be effective. 

Castor-Bean Alkaloid. Ricinine, C8H8O2N2, occurs in the seeds and 
especiaUy in the young plants of Ricinns communis (castor-oil plant) ; 
it is one of the few alkain iHa that is found unaccompanied by others. 
Bidnine is optically inactive and so weakly basic that it forms no salts. 

When ridnine is distilled mth zinc dust, pyridine is obtained; cata- 
lytic reduction, on the other hand, proceeds with addition of four hydro- 
gen atoms (tetrahydroricinine), facts that point to the presence of a 
dibydrogenated pyridine nucleus in ricinine. On treatment with alkali, 
ridiune yields methyl alcohol and the compound C7H6O2N2, which was 
named ridninic add (III) in the belief that ricinine was its methyl ester. 
With fuming hydrochloric add at 150 ® ricinine (likewise ridninic acid) 
gives carbon dioxide, ammonia, and the base C6H7O2N, which Spftth “ 
dhowed by synthesis to be 4 -hydroxy-l-mefhyl- 2 -pyridone (II). 


OCH, OH 



I. Bioiiiiat n. 4-B]rdroir-l-«iethrl-2.vytidone 

* BiMUli and Todidaiti, Monattk., 4t, 2C1 (1921). 
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The riciiune structural problem was solved by a study of ricinidine 
(V), a product obtained by chlorination of rictninic add witii phosphorus 
oxychlcnide, and reductive elimination of chlorine. It was found that 
ricinidine, C 7 HeON 2 , could be hydrolyzed in two steps. The addition 
of one molecule of water gave an amide, CrHsOsNg (VI), which in the 
second stage of hydrolysis lost ammonia and was transfonned to a car- 
boxylic acid (Vn). 


OH 

— CN 
=0 
i 

CH, 

m. Ridninic Add 




rv. CUoroncanidine V. 


O — CONHj COOH 

=0 

T 1 

CH, CH, 

VI. l*Methyl- 2 -pyTidone- 3 -carboxyUo VII. l-Methyl- 2 -pyridoae-d- 
amide oarbozylio aud 


The structure of the l-methyl-2-pyridone-3-carboxylic acid so obtained 
was demonstrated by synthesizing the three possible isomers. The for- 
mula thus derived for ricinine was confirmed by Spath’s synthesis of the 
alkaloid itself." A simple synthetic procedure devised by Schroeter " 
is based on the observation that spontaneous polymerization of cyanoace- 
tyl chloride results in 2,4-dihydroxy-6-chloronicotinic acid nitrile. (VIII). 
On methylation, this substance reacts in a pyridone form, jdelding an 
N-methyl derivative (IX) from which, by dehalogenation (formation of 
ricininic acid III) and further methylation, ricinine is obtained. 


OH 


OH 


OH 



VIII 

ChloronorrioizdBe 


CH, 

IX 

Chloronominio 

Add 


CH, 

III 

Ridninio aoid 


OCH, 




I 

CH, 

1 

BidBiiw 


Ricinine is mildly poisonous, but the toxic properties of castor beans 
appear to be due to a phytotonn, ricin, of unknown nature. 

*• Sp&th Kud KoUer, Ber., 66. 880, 2464 (1923) ; 68 , 2124 (1925). 

Scbroeter, Seidler, Sulibacher, and Kanita, Ber„ 66 , 432 (1932). 
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PTKROUDIHR GROUP 

Hygiine Alkaltdds. Hygrine, CsHigON, occurs in the leaves of the 
Pemvian coca shrub, Erythroxylon coca, from which it is obtained as an 
<nly fraction along with some cusoohygrine, after the alkaloids of the 
cocaine group have been removed. Hygrine is one of the liquid alka- 
leads, and is optically active. The nitrogen atom carries a methyl group, 
and oxygen is present in ketone form. 

The structural formula of hygrine is based upon the relationship to 
hygrinic (hygric) acid and upon sjmthesis. By oxidation with chromic 
add, hygrine is converted to hygrinic acid, CbHiqNCOOH, a monobasic 
add that breaks down on dry distillation into carbon dioxide and N- 
methylpyrrolidine. The ease of decomposition indicates the a-position 
for the carboxyl group; this was shown by Willstatter’s hygrinic acid 
synthesis “ td be correct. 

CH*-GHi CHr-CH, 

II II 

CHj CHCOOH CHs CHCHjCOCHs 

\n/ 


CH, CH, 

I. Hrerioio acid II. Bygriua 

Hygrine differs from hygrinic acid by a CsHsO group in place of 
carboxyl. For this group only the forms — COC2H5 and — CH2COCH3 
are possible; the choice of the latter rests on the (racemic) hygrine syn- 
thesis of Hess.®* Pynylmagnesium bromide was treated with propylene 
oxide, yielding l-a-pyrTyl- 2 -propanol, from which the corresponding 
pyrrolidine derivative (IV) was obtained by catalytic hydrogenation. 


CiH^NMgBr + CHr-CHCH, 

\y^ 


(+H,0) 


0= 


HsCHOHCH, 


III. I.<i-Pyrryl-2-i)ropanoI 


CH, CHCH,CHOHCH, 

\n/ 

H 


HCHO 


CHz-CH, 

I I 

CH, CHCHjCOCH, 


\n/ 

I 


IV. l-a-Cymlid^S'proiwnol 

<i WaistUtw. Bar., U, 1160 (1600 ). 
oRcm, S».. M, 311A 41M <1013). 


CH, 

n. d.2-HysiiiM 
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The pyrrolidine imino group was methylated with formaldehyde by the 
Eschweiler reaction, whereby the secondary alcoholic group unexpectedly 
contributed its hydrogen atoms toward formation of the methyl group, 
and appeared as the hygrine carbonyl in the end product.* 

Attachment of the hygrine side chain to the o-carbon atom of the 
pyrrolidine nucleus suggests a phytochemical relationship between hy- 
grine and tropinone.“ 


CHs CH CHs 

I I 

N— CHa CO 

I I 

CHj CHs CHj 

Hygrine 


' CHa CH CH, 

I I 

N— CH* CO 

I I 

CHj CH CH* 

Tropinone 


Stachydrine is the methylbetaine of hygrinic add and occurs rather 
widely in nature (chrysanthemum, alfalfa, citrus, and Stachys species). 

Cuscohygrine, C13H24ON2, is found chiefly in the so-called cusco coca 
leaves. It is an optically inactive diacid base, closely related to hygrine. 
The action of alcoholic alkali degrades it in part to hygrine, and like 
hygrine it can be oxidized to hygrinic acid. Two formulas have been 
proposed for cuscohygrine; 


CH,-CHi CHr-CH» 

in— CH,cocHi— in in, 

Xf}/ \n/ 

(in. (!;h, 


V Cuscohygrine 


CHj-CH, CHr-CH, 

(!:h. djH-CH— in (!;h, 

H. 

VI 



Formula V is in better accord with the formation of undecane and 6- 
undecanol in the Hofmann degradation of dihydrocuscoh3^grine (i.e., 
cuscohygrine reduced at the carbonyl group), which indicates an un- 
branched chain of eleven carbon atoms. Formula VI was advanced by 
Hess to explain the appearance of homohygrinic acid (N-methyl-a- 
pyrrolidylacetic acid) in Traube’s reaction t and of a supposed di-(N- 
methyl-a-pyrrolidyl)methane in decompositions of cuscohygrine hydra- 

* The Eschweiler method for the methylstion of primary or secondary amines eonsists 
in heating the amine with formaldehyde. The hydrogen necessary for the fonpation of 
the methyl group is supplied by the excess formaldehyde, which is oxidized to foimio acid 
or to carbon dioxide. [Eschweiler, £er., 38, 880 (1806) ; Hess, Ber., 46 , 4104, footnote 
(1913).! 

t Traube's reaction [Ann., 300, 81 (1898)) depends upon the al^ty of the hydrogen in 
methyl, methylene, or methenyl groups adjacent to a carbonyl group to react with nitric 
oxide in the presence of sodium ethoxide. From the number of moles of nitiio oxide which 
react, and the natiue of the products of subsequent hydrolysis, it is possiUe to distingaidi 
between — COCHi, — CXJCHj — , and — COCH= groups. 
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Moe.* Bairiog the pofitatnK<7 of a reamuigeDieQt during tiie Hofmaim 
degradation, formula Y eeems the more probable for cusoohy^ine. 

PTSlDUnS-PYRROLIDINE AHZ> DIPTSIDETB GROUP 

Tobacco and Anabasia Alkaloids. The alkaloid nicotine, from Nico- 
tiana tabacum, occupies a position of great commercial importance. The 
a-ntwal world production of tobacco for human consumption and insec- 
ticidal use is more than two million tons, corresponding to about sixty or 
seventy thousand tons of nicotine alkaloid. The base is combined in the 
plant with malic and citric adds and may be isolated by extracting the 
powdered leaves and stems with water, liberating the alkaloids with 
alkali, and distilling with steam. The crude nicotine is purified through 
the oxalate. It is also commercial practice to extract S3nstematically with 
trichloroethylene a mixture of tobacco refuse, milk of lime, and sodium 
hydroxide. The solution is concentrated in a vacuum and extracted with 
dilute sulfuric add, from which the nicotine is liberated with alkali and 
extracted into ether-petroleum ether mixture. Distillation of this solu- 
tarm under nitrogen yidds nearly pure nicotine. 

Nicotine is a strongly basic levorotatory liquid, misdble with water 
below 60® in the form of a hydrate, and above 210®. Its structure has 
been shown both by degradation and synthesis. Oxidation with a variety 
of agents leads to nicotinic add, |S-pyridinecarboxylic add (IV), The 
alkaloid must therefore be a psoidine derivative carrying a CsHioN 
group in the fi-position. This side chain cannot consist of a piperidine 
nucleus, for nicotine behaves as a bitertiary base, that is, contains no 
>NH group; furthermore, the Herzig and Meyer determination shows 
the presence of an N-methyl group. The methyl group cannot be 
attached to the pyridine nitrogen atom, so the CsHiqN group is resolved 
into C4H7NCH3. These facts are best expUuned by*a pyridine-N- 
methylpyrrolidine system.** 

CHr-CH, 

H CHs 
Sn/ 

I 

CH, 

I. NIooUm 

IW finkage of the pyridine ring in the a-podtion of the pyrrolidine 
nudeus was shown by bromine degradation. Nicotine, on treatment 

•• Hew and Bwpwt, Aftn., Mi, i37 (1926) ; BoU and auiner, /. Am. Chtm. Soc., W, 
11983); Hew and Rink. Bar.. K. 781 (ISIM). 

Bern m (1893). 
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with bromine, yields a dibromoketone, dibrornotiocmine. '\^th barium 
hydroxide, dibromoticonine breaks down to nicotinic acid, malonic add, 
and methylamine. 



II. DibromoticooiDe til Int«rmediftte IV. I>nootim^ uad Mulonie Aoid 


The appearance of the three-carbon add, malonic, shows that the carbon 
atom appearing in the carboxyl group of nicotinic acid must be the end 
atom of a chain of four carbons, which is possible only if the pyrrolidine 
ring is linked through an a-position. 

With weak oxidizing agents the methylpyrrrolidine nucleus of nicotine 
is attacked, resulting in nicotyrine, a base that appears as an intermedi- 



ate in the nicotine synthesis of Pictet.“ This synthesis has its starting 
point in a reaction parallel to the formation of pyrrole through dry distil- 
lation of ammonium mucate. 


CHOH— CHOH— COONH 4 CH=C;H\ 

1 -♦ 1 )>NH -h NHs + 4H,0 + 2COj 

CHOH— CHOH— COONH 4 CH==CH'^ 

By using the mucate of /3-aminopyridine, that is, by substituting the 
pyridine group for one hydrogen of ammoma in the above reaction, Pictet 
obtained jS-pyridyl-N-pyrrole. Pyrroles carrying carbon substituents on 
nitrogen undergo on heating a rearrangement that involves a shift of the 
group from nitrogen to the pyrrole a-podtion, and jS-pyridyl-N-pyrrole 
was converted by this method to iS-pyridyl-a-pyrrole. 

o 

CHOH— CHOH-COONHr-C»H4N 

I 

CHOH— CHOH-COONHr-C*H4N 

^-ABUDopyridiiw maoate VI. ^frridyl*N-iiyn«ta 

•• Pictet and Rotwhy, Bar., S7, 122S (1004). 
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VII. ^Pyridyl-o-pyiTole VXII. mootyrine methiodide V. Niootyrine 

The potassium salt of the latter substance, when heated with methyl 
iodide, yielded nicotyrine methiodide, from which nicotyrine (V) could 
be obtained by heating with lime. By halogenation and reduction with 
tin and add, the methylpyrryl nucleus alone of nicotyrine was hydro- 
genated, and the resulting d, {-nicotine could be resolved with tartaric 
add into d-nicotine and the familiar 1 -nicotine. The reduction of nico- 
tyrine can also be accomplished with catalytic hydrogen.** 

The Kctet synthesis involves violent and complicated reactions which 
are of doubtful value for structural proof. A more transparent synthesis 
by Spath ” confirms, however, the accepted structure. Nicotinic ethyl 
ester was condensed with N-methylpyrrolidone, resulting in the ketone 
(XI). The p3TTolidonyl ring of this ketone suffered scission and loss of 
carbon dioxide when heated with fuming hydrochloric acid, yielding the 
open-chain amino ketone (XII). By reduction of the amino ketone to the 
corresponding alcohol, iodination, and elimination of hydrogen iodide, 
the N-methylp3Trolidine ring of nicotine was constructed in a manner 
that leaves no question as to its p)oint of attachment. 




" Spath MMl Kuffiiw. n, 494 (1035). 

£^th and BretmdOi^dar, Ser., %X, 327 (1928). 
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The synthesis of a-niootine, a-p 3 rridyl-a-N-methylpyrrolidine, which is 
not known to occur naturally, has also been accomplished.** 

Pictet and Noga have described nicoteine, isonicoteine, nicotoine, 
nicotunine, and nicotelline as minor alkaloids. The most abundant of 
these, nicoteine, was shown by Ehrenstein “ to be a mixture of two alka- 
loids, so that the existence of the rarer members as individuals may well 
be doubted. The so-called nicoteine was separated by fractional crystal- 
lization of the picrate into nomicotine and J-^pyridyl-a-piperidine. The 
latter substance has the formula that had already been assigned without 
adequate evidence to Pictet’s nicotimine. Nomicotine can be prepared 
by demethylation of nicotine, or by total synthe^ from pyridine.®’ “ 
Both dr and 1-nomicotine have been found in tobacco. The constituents 
of tobacco smoke have been extensively studied. At least eight bases 
appear to be present, of which myosmine and the three sokratines are 
responsible for the aroma. Myosmine has been shown to be a j3-pyridyl- 
a-pyrroline.® 


H, 



Nomicotine Myoemine Nicotimine (Anabaaine) 

0<’Pyridyl-«*|aperidina) 


As the chief alkaloid of the poisonous Asiatic plant AruAxtsis aphylla, 
Orechofif ® isolated the base anabasine. This substance is identical with 
the above-mentioned f-/3-p5rridyl-at-piperidine. Its constitution could be 
shown by oxidation to nicotinic acid, and by dehydrogenation to a,fi- 
bipyridyl. 

Nicotine is one of the most poisonous alkaloids, the fatal dose for man 
being in the neighborhood of 40 mg. In smaller amounts it causes diz- 
ziness, perspiration, salivation, and intestinal disturbances. d-Nicotine 
shows only one-half the physiolo^cal activity of natural J-nicotine. 
Anabasine, like nicotine, is very poisonous and has high insecticidal 
action. 

» Craig, /. Am. Chem. Soe., 56, 1144 (1934). 

** Ehrenstein, Areh. Pharm., 969 , 627 (1031). 

® Craig, J. Am. Chem. Soc., 55 , 2864 (1033). 

Sp&th, Marion, and Zajie, Ser., 69 , 261 (1036). 

** Spftth, Wenuscb, and Zajio, Bar., 69 , 393 (1936) ; Spgth and MamoU, Bar., 69 , 757 
(1036). 

® Oiaohoff and MensohikoS, Ber., 64 , 266 (1931). 
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CONDENSED PtPSElDINB-FnatOLZDINS OSODP. BEIXADONNA 
AND COCA AINALOmS 

BeUadoooa Alkaloids. The roots and leaves of a number of solana* 
ceous plants, notably belladonna (Airopa belladonna), henbane (Hyoscya- 
mus niger), thie thorn apple iDaiura slramonium), and some Duboiaia and 
ScopoUa species, are rich in a series of therapeutically important alka- 
loids. Hyoscine and hyoscyamine o<»:ur in nearly all these plants, accom- 
{mnied occasionally by atropine, apoatropine, norhyoscyamine, bella- 
donnine, and meteloidine. The solanaoeous plants are notorious ballu- 
dnants, the drugs of fanaticism. The group furnished the “sorcerer’s 
drugs” of the Middle Ages, and Hyoacyamua, Datura, and Duboiaia 
leavea ate today smoked, chewed, or consumed in decoctions in parts of 
Egypt, India, South America, and Australia for the hallucinations and 
fren^ that they produce.** 

Atropine, Ci 7H23O8N, is the racemic form of hyoscyamine. Although 
it is unddubtedly formed to a large extent from the latter base during 
isolalion and purification, it has abo been shown to exist as such in the 
plant. Ail the atropine of commerce is prepared by racemization of 
hyoscyamine wth dilute alkali. Atropine is an ester; on hydrolysis it 
yields tropic acid, C9H10O3, and tropine, CgHigON. 

Determination of the structure of tropic acid offered little difficulty. 
This add is converted by dehydrating agents to o-phenylacrylic acid 
(atrofHc acid), a type of change characteristic of /S-bydroxy acids, but 
not of of-hydroxy adds. Tropic add must therefore possess formula II, 
for the only alternative (III) is that shown by syntheds to belong to 
atiolactic add. 


CH. CH,OH CH, 



I. Atnqilo add II. Tropic add III. Atrdactio add 


Tropic acid was synthesized by Ladenburg from acetophenone.** It 
Dontains an asymnmtric carbon atom, and to it hyoscyamine owes its 
optical activity. 

The bade portion obtained from the hydrolysis of atropine or hyoscy- 
euxdne, namely tropine, is optically inactive. The two asymmetric car- 
bon atcnns in podtions 1 and 5 compensate, and the 3 -carbon atom is 
pseudoasymmetrio. The molecule is symmetrical, and cannot be re- 
vived into active oooqpoimnte. The tropine structural formula was 
ilevekqied duefiy by and by Willst&tter on the basis of the fol- 

«* U^haxt awl Bar., U, 2041 (1880) ; 81 , 2fi00 (1889). 
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lowing evidenee. Tropine is a tertiary base ccmtaining an N-metbyl 
group and an alcoholic hydroxyl. By gentte oxidation it is converted to 
a ketone, tropinone. 


CEr 

CH-'— CH, 

CH, CH CH, 

7 

|1 2| 


1 1 


NCHjSCHOH 


NCH, CO 

0 

Is *1 


1 1 

CHr 

CH CH, 

CH, CH CH, 


IV. Tropina 


V. XropdAone 


This ketone forms diisonitroso and dibenzylidene derivatives, and there- 
fore has two methylene groups adjacent to the carbonyl. Tropinone 
gives on further oxidation a dicarboxylic acid (tropinic acid, VI) with 
the same number of carbon atoms; hence the ketone group cannot be in 
a side chain. Application of the exhaustive methylation process to 
tropinic acid yields pimelic acid (compare the degradation of methyl- 
granatic acid, p. 1182) containing a straight seven-carbon chain. Oxida- 
tion of tropinic acid, on the other band, results in N-methylsuccinimide, 
whereby the position of nitrogen is shown and the pyrrolidine ring is 
revealed. 


CH, CH CH 2 

I I 

NCH, COOH 

I 

CHj CH COOH 

VI. Tropinio acid 


CHt 

I 

COOH 

CHx-CHr-COOH 

Vn. Fimelii: add 


'.0 


CHr-c/ 

I >NCH, 
CH^ 

YIII. N-Methyl- 
wocuumid^ 


Tropme consists therefore of a fused piperidine-pyrrolidine skeleton 
in which the two ring systems have nitrogen and two carbon atoms in 
common. The esters of tropine, of which many have been prepared, are 
called tropeines ; the most important synthetic ester is mandelyltropeine, 
a powerful mydriatic known as homatropine. Atropine is d,l-tropyltro- 
peine, hyoscyamine is the levo form. 


CHj CH CH, CH,OH 

I I /H 1 

NCH, C^^— -O— CO-CHCeH, 

I I , 

CH, CH CH, \ 

IX. Atropine, Hyoeoxaoune 


The preparation of atropine from tropine and tropic acid vras accom- 
plished by Ladenburg in 1879,“ and both components were later synthe- 
sized. For the preparation of tropine, WillstAtter “ chose suberone as 
the starting point. This ketone was converted to cydoheptene through 


M Ladenburg. Ber., U. 941 (1879). 

•• Wmstatter, Ber., U, 131, 3163 (1901) ; Atm., SH, 23 <1903). 
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embesnl and Buberyl iodide, or by exhausdre metl]tylatio>n of the amine 
reaultu^ from leduotion of suberone oxime. 

CH 2 — CHj — CHjv — CH2\ — CHjv 

I >CO -» >CHOH >CHI -+ 

CHr-CHr-CH*^ -CHi^ -CHa^ 


CHr-CHr-CH/ 

X. Suberone 

CHr-CHa-CHav 
j }CH 

CHr-€Hr— CH^ 
XIII. Cydohept«ke 


-CHa^ 

XL Subtfol 

CHa-CHa CH 

( 

CHa— CH,— CHB 


CHr-CHa-€H; 


*^HN(CH,)a 


XIV. Cyolobeptene 
dibromide 

CHa- CH,— C 


CHa-CH=CH/ 

XV. Dimethylammooydo* 
beptene 


-CH/ 

XII. Buberyl iodide 

ene 

r=r'Ti/ 


CHa-CH=CH/ 

XVI. CyoIoheptadieDe 


A second unsaturated linkage was introduced by the following ingen- 
ious device. Cycloheptene dibromide was treated with dimethylamine, 
yielding a tertiary amine, the methiodide of which could be degraded by 
Hofmann’s method (p. 1172) to trimethylamine and cycloheptadiene. 
Cycloheptadiene dibromide suffered loss of hydrobromic acid in the pres- 
ence of quinoline to pve <ycloheptatriene (XVII), identical with the 
tropilidene already known from the degradation of tropine. By addition 
of hydrogen bromide and subsequent reaction with dimethylamine, cyclo- 
heptatriene was converted to the amine, a-methyltropidine. Partial re- 
duction of a-methyltropidine, addition of bromine, and rearrangement 
of the dibromo compound led to 2-bromotropane methobromide, con- 
taining the desired nitrogen bridge. 


CHr-CH=CH 

I 


CHr-CH CH 

1 N(CH,), I:h 


!H===CH- 


Hr-CH 




CHa— CH CH, 

CHr-CHBr (!jHBr 


XVII. Cyctobeptatriene XVIII. a>M«tfayitropidm« XIX Methyltropsoe dibromkle 


H, CHr-CH CH, CHr-CH CH, 

H, -* lifCH, (!;H -♦ llcH, diHBr -► 

HBr CHr-^H -4 h CHr-<^H ^H, 

XX Z-Bromotroinne mothobrooiida XXI. Tropidine XXII. S-Bromotropuie 



CHr-CH CH, CHr-CH CH, CHr-CH CH, 

icH, inoH icH, io - icH, 

CHr-in — in, CHr-in — in, CTr-in — 

XXll I. nwudotropioa ^ y. Trapiiunie IV. TTopine 


Fropa 2-bromotrqpaiie methobromide, hydrogen bromide was eliminated 
by the action of alkali, giving tropidine methobromide. Through the 
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usual steps for converting a quaternary halide to the tertiaiy base, tro- 
pine methobromide was transformed to the methochloride and the latter 
distilled ; tropidine (XXI) and methyl chloride were the products. From 
tropidine and hydrobromio acid, 3-bromotropane was obtained, which 
on hydrolysis with dilute sulfuric add sdelded the stereoisomer, pseudo- 
tropine, instead of the expected tropine. Pseudotropine was therefore 
oxidized to tropinone, which could then be reduced to tropine. 

Another synthesis of extraordinary simplidty and elegance was de- 
vised by Robinson.*’ Succinaldehyde, methylamine, and acetone (or 
better, calcium acetonedicarboxylate), on standing in alkaline solution, 
gave tropinone. 


CHj CHO 

HjNCH, 
CH, CHO 


HCH, 

I 

CO 

I 

HCHj 


CHj CH CH* 

I 1 

NCH» CO 

I I 

CH* CH CH* 


A later synthesis by Willstatter likewise has its starting point in acetone- 
dicarboxylic acid.** The success of Schopf in carrying out the Robinson 
synthesis under physiolopcal conditions (p. 1253) makes it seem probable 
that the plant employs a similar method. 

Scopolamine, also known as hyoscine, is an ester of the optically 
inactive amino alcohol scopine (XXV) with l-tropic acid. 


CH- 

— CH CH, 


/ 

0 


1 1 

NCHs CH— OCO— CH— C«H» 

\ 


1 1 

1 

CH- 

— CH CH, 

CH,OH 


XXIV. Scopolamiue 


Scopolamine is levorotatory, but is racemized with great ease, the d,i- 
form being atroscine. By hydrolysis of scopolamine under very mild 
conditions, with pancreatic lipase or with Michaelis’ buffer solution, 
Willstatter *• was able to obtain scopine itself (XXV). Scopine under- 
goes rearrangement with great ease into scopoline (oscine), which is the 
basic product obtained when scopolamine is hydrolyzed in the usual way, 

HO-CH CH CH* 

I 1 

NCH, CH— I 

1 1 

CH CH CH* 

I 

0 

XXVI. Seopolina 

Robiiigon, J. Chem. Soc., IH, 762 (1917). 

" Willstatter and Pfannenstiel, ilnn., 4SS, 1 (1021). 

*• WUlst&tter and Berner, Ber., 66, 1070 (1923). 


/ 

0 

\ 


CH CH CH, 

1 I 

NCH* CHOH 

I I 

CH CH CH, 

XXV. Soopine 
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Apoato^puoe (ataropamine), found in beUadcmua root, can also be 
i^jtained from atropine or hycMcyamine by the action of dehydrating 
agents. It is an ester of tropine and abopic add (cv-phenylacrylio add, 
I), and was obtained by combining these two substances before it was 
fcmnd in nature. 

Belladonnine, an isomer or polymer of apoatropine, was first isolated 
from belladonna root. It can be prepared by the action of hot baryta 
water on apoatropine. By vigorous hydrolysis with hydrochloric add it 
can be broken down to 3-ohlorotropane, showing that it contains the 
tropine nucleus.’® 

Norhyoscyamine (paeudohyoscyamine), from Dvboma, Scopolia, and 
Daiura species, consists of tropic add esterified with nortropine (tropi- 
genine), a tropine containing the >NH group in place of >NCH 3 . 
Norhyoscyamine can be racemized eadly to tbe corresponding d,Wonn, 
noratropine. The latter probably does not occur in nature but appears 
as a result of racemization of the active form. 

Meteloidine is a rare alkaloid of Datura meteloides and is an ester of 
tiglic add with teloidine. Teloidine is believed to be dihydroxytropine 
and is closely related to scopine and scopoline.” 

HO— CH— CH CHj 

I I 

NCHs CHOCOC=CHCH, 

I I ! 

HO-CH-CH CH, CH, 

XXVII. Mpteloidine 

The alkaloids of the atropine group dilate the pupil and paralyze the 
accommodation muscles of the eye. Atropine thus finds extensive use 
in ophthalmic practice. It has a stimulating action on the cerebrum and 
respiratory center. Hyoscyamine rambles atropine, but is stronger in 
action. Scopolamine has a stupefying effect, and is often used in com- 
bination with morphine, as well as in the treatment of morphinism. 

Coca Alkaloids. The leaves of Erythroxylon coca, which have been 
used as a stimulant by the South American Indians for centuries, contain 
as tbe active principle cocaine, with which is associated a number of other 
alkaloids of closely rdated structure. The great importance of cocaine in 
medical practice has resulted in extensive cultivation of several Erythro- 
xylon spedes in Pan, Bolivia. Java, and Ceylon. The legitimate world 
production of cocaine dropped from 6434 kg. in 1929 to 4010 kg. in 1933, 
proimbly because of increasing u% of substitutes and more effective 
control of intemafIcHial trade. Tbe League of Nations report for 1939 

** P<donovBki, BtiU. toe. eMm., (4] 48, 304 (1020). 

» Kba, J. Chem. Soe., US, 47« (1010). 



ALKALOIDS ' 1199 

shavre a world production of 3045 kg. The illeptamate production ia 
laige, being unc^dally estimated at 15,000 to 20,000 kg. 

Cocaine, Ci 7 H 2 i 04 N, is an ester; it is hydrolyzed by boiling water 
into benzoyI-!-ecgonine and methanol, or by acids and alkalies into 
2-ecgonine, benzoic add, and methanol. 

CijHjiO^N + 2HsO -► C»H«OaN + C7H«0» + CH»0H 

Cocaine {-Eegosine Benaoie wad 


This process may be reversed, and in commercial practice it is customaiy, 
especially with Java leaves, to hydrolyze all the ecgonine derivatives 
present (including the cocaine) to ecgonine. This base is then ben- 
zoylated with benzoic anhydride and the benzoylecgonine esterified with 
methanol and add; methylation followed by benzoylation is also em- 
ployed. An amount of cocaine considerably greater than that originally 
present in the leaves is thus obtained. 

Ecgonine is a tertiary base and forms quaternary halides with one 
mole of alkyl halide. The presence of the carboxyl and alcoholic hydroxyl 
groups is evident from the esterification reactions mentioned. The 
structural skeleton of ecgonine was disclosed through relationships to 
tropine. With dehydrating agents ecgonine passes into anhydroecgonine, 
an unsaturated acid, which decomposes in the presence of hydrochloric 
acid at 280® into carbon dioxide and tropidine. The constitution of 
tropidine is discussed under the atropine group. 


CHr-CH CHCOOH 

7 |l 2| 

NCH, 3CHOH 

6 1 6 4 | 

CHt-CH CH, 

I, Ecgonine 


-€HCOOH 

^1 

8CH 


4 It 

-CB. 


n. Anhydroeogonine 


CHj-CH CH* 

I I 

NCH, CH 

1 11 

CH* — CH CH 


lU. IVopidizie 


The position of the hydroxyl and carboxyl groups of ecgonine rests 
on the following considerations. Ecgonine, like tropine, yields tropinone 
by chromic acid oxidation, and ance the carbonyl can scarcely be formed 
except by oxidation of the alcoholic group, ecgonine must have the 
hydroxyl in the same portion as has tropine. Willsthtter ” was able to 
demonstrate that the oxidation of ecgonine proceeds through an interme- 
diate keto acid, which loses carbon dioxide with great ease. The appear- 
ance of the keto acid excludes the possibility that the carboxyl and 
hydroxyl groups occupy the same carbon atom. Location of the carboxyl 
in a y-poaition to the hydroxyl is not in accord with the instability of the 
intermediate acid, hence only a fi-position comes into consideration. 

» Wilhtatter and MOUer, Bor., SI, 2656 (1808). 
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IVopane, the parent substance the ecgonine series, contains two 
atsymmetric carbon atoms, C-1 and C-5, to which the nitrogen bridge is 
attedied. These asymmetric atoms are equal and opposite in tireir rotar- 
tory power, which results in internal compensation. Tropane is a meso- 
fotm, and has a S3unmetrical molecule. 





When a hydroxyl group appears on C-3 (as in tropine), the symmetry 
of the molecule is not destroyed; C-3 in tropine is pseudoasymmetric. 
The hydroxyl may occupy two positions with reference to the nitrogen 
ring, ^ving rise to tropine and pseudotropine, which are cis-trans isomers 
and not optical opporites. 

CHt-CH CH, CHr-CH CH* 

II I I /OH (H) 

NCH, CH, NCH, €<■ 

II I nn (OH) 

CH, — CH CH, CHr— CH CH, 

VI. TVopane VU. Tropine, Peeudotropine 

The presence of a carboxyl group in the tropine or pseudotropine 
framework destroys the symmetry of the molecule. In addition to the 
new asymmetric atom carrying the carboxyl, carbon-3 now becomes truly 
asymmetric, and the asymmetric atoms 1 and 5, carrying the nitrogen 
bridge, become dissimilar. Sixteen optically active isomers would be 
expected, but C-1 and C-5 can have only one configuration because of 
the restriction imposed by the nitrogen bridge. Therefore only eight 
(^tical isomers and four racemates can erist.”’ A vertical projection 
ol the three txopmre ring planes of Figs. IV and V shows these isomers 
thus: 



Tropao«4<t»^3-cit.awfa<spiie Mid 

** Wiltftttter pad Bommer, Ann., 4tSt 16 (1921). 

» Mmiafek, AroA Phmm., Sit. 334 (1984). 
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HDOC 


COOH 


HiCN^ 


HO OH 

Tropane 3 ci t ■ol-2«<ron^‘qtfboxyUo acid 

HO OH 


'^NCHi 


HjCN^ 


HOOC COOH 

Tropaiie~3-fran«>ol-2*m-carboxylle acid 

HOOC HO OH COOH 


''NCH, 


H,CN/ ^NCHa 

Tropane*3-^an«-oi->‘^an8-carboxytic aad 


The synthesis of ecgonine through reduction of tropinonecarboxylic 
ester (VIII to IX) led to the isolation of a racemic ecgonine methyl ester 
belonging to the pseudo series. On resolution the racemate yielded 
d-pseudoecgonine methyl ester and the corresponding l-fonn, from which 
d-pseudococaine (the drug psicain) and I-pseudococaine, respectively, 
could be prepared by benzoylation. In the same reduction two other 
racemates were formed. One of these has not been resolved. The other 
belongs to the tropine series and after benzoylation was resolved into 
d-cocaine and the naturally occxirring I-cocaine.’* 


CH*-CHO 

HjNCH, 

CHr-CHO 

Succtnaldebyde Methylamine 

CHa— CH CHCOOCH, 

I I 

NCHj CO 

I I 

CHj-CH CH, 

VIII. Tropmoneearboiylic eit«r 


CHjCOOCH* 

I 

CO 

I 

CHjCOOH 

Aeetonediearboxylic acid 
monoDetbyl ester 

CHr-CH CHCOOCHs 

I I 

NCHs CHOH 

I I 

CH*-CH CH, 

IX. Rscemifl ecgonine and 
Ijeeudoeogonina eater 


o-Ecgonine is an isomer of ecgonine in which both the hydroi^l 
and carboxyl groups are located on carbon-3. It was prepared by addi- 

** Willstfitter, Wolfes, and M&der, rlnn., 484 , 111 (1923). 
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turn hydrogen cyanide to tropinone and hydkdysds of ih<b lOBulting 
Oyanohydrin. 

W3uuQamylcocaine is the ester of methjd-I-ecgonine witJi oinnainio 
acid. It is the chief alkaloid of Java coca leaves {EryOiroxyhn tnmUense). 

ce-Tnudlline, also known as oocamine or Y-isatropylcocaine, is an 
ester of two molecules of methyl-I-ecgonine with one molecule of o-trux- 
illic aciH. /S-Tnudlline (isococamine or {-isatropyloocaine) is the analo- 
gous ester with /3-truxillio acid. Both truxillines are present in Peruvian 
leaves. 

Tropacocaine, which occurs in Java and Peruvian leaves, does not 
belong to the ec^nine series, but is a tropa alkaloid. On hydrolysis it 
3 delds benaoic acid and pseudotropine. In addition to the above-men- 
tioned alkaloids, coca also contains small amounts of benzoyl-f-ecgonine, 
and the hygrine alkaloids, which have already been described. 

Cocaine is an exceedingly valuable therapeutic agent because of its 
paralyzing effect on sensoiy nerve endings, with which is combined a 
local vasoconstriction. The latter action results in prolongation of the 
anesthesia by diminishing the speed of absorption; the delayed absorp- 
tion likewise decreases systemic toxicity by permitting gradual destruc- 
tion of the drug. Cocaine causes dilation of the pupils by central and 
peripheral stimulation of the pupillo-dilator mechanism. The relatively 
hig^ toxicity of cocaine and its ability to produce a condition of euphoria, 
often leading to habituation, have r^ulted in the synthesis of numerous 
substitutes, as novoctune (the p-aminobenzoyl derivative of diethylam- 
inoethanol), /3-eucaine (benzoylvinyl diacetone alkamine hydrochloride), 
and psicmn (d-pseudococaine acid tartrate). Tropacocaine is said to 
be more effective than cocaine as a local anesthetic, but has a disadvan- 
tageous hyperemic action. 

QCINOLIHE GROUP. CIRCHOirA AND ANGOSTURA ALKALOIDS 

Cinchona Alkaloids.^ Quinine and cinchonine, together with some 
twenty less important alkaloids of related structure, are found in the 
baric of several qiecies of Cinchona and Remijia, trees native to high 
altitudes in the Andes. The bark of cultivated specimens of C. ledgeriana 
grafted on C. sucdruba, as is custonmry in Java, may contain up to 10 
p^ cmt quinine, or total alkaloids up to 17 per cent. The famous 
ledgeriana graft otmtained in the trunk bark 18.5 per cent quinine 
(as sulfate) at the age of seven yeare. Commercial bark averages about 
7 pea!' cept qvajsanie (sulfate). The world production of quinine foUows 
tie depmd <l>sdy, and averages between 600,000 and 700,000 kg. of 

j “Dte Konstitatitm der Cbinaallcsloide,” in Akrmt’ Samml. (Aem. 

VurMige, VoL IS, p. 141 (1911). 
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quinine sulfate annually, 90 per cent of which is from iiie Dutch £laflt 
Indies.” The bases are corniced in the plant tissue with charaoter- 
istic acids, chiefly quinic (tetrahydroxyhexahydrobenzoic), quinovic 
(CsoH4e05), and quinotannic (cinchotannic) acids. In commercial prac- 
tice, the pulverized bark is steeped in slaked lime and sodium hydroxide, 
and extracted at 60 ° with aromatic solvents, as benzene or tolimne. The 
mixed alkaloids are then extracted from the organic medium with dilute 
sulfuric acid. When this solution is brought nearly to the neutral 
point with sodium hydroxide, the sparingly soluble quinine sulfate, 
Q2H2SO4 -SHaO, separates. The less valuable minor alkaloids are then 
precipitated with excess alkali. 

The parent alkaloid of the cinchona series, to which nearly half of 
the members are related, is cinchonine, Ci9H220N2. Cinchonine con- 
sists of a quinoline nucleus linked through a secondary alcoholic group 
to a quinuclidine ring system carrying a vinyl group. 

CHOH— CH N CHi 



CHr— CH — CH— CH=CH, 

I. Ciccboniao 


The usual anal3rtical procedure shows the absence of methoxyl and 
methylimido groups in cinchonine. The presence of the secondary alco- 
holic group is evident from the results of acetylation and from the 
formation of the ketone, cinchoninone (VIII), in oxidation processes. 
The absorption of one mole of hydrogen by the catalytic method shows 
an ethylenic linkage. Cinchonine likewise adds halogens or halogen adds 
at the double bond. On treatment with hot concentrated alkali it is 
broken down to quinoline itself, or lepidine ( 4 -methylquinoline), as well 
as to other quinoline and pyridine derivatives. Zinc dust distillation 
yields chiefly quinoline; vigorous oxidation results in cinchoninic add. 



II. Lepidine 



ni. Cineho&inio Mid 


The products of these degradations indicate a quinoline xaioteus 
joined in the i-position with a second heterocyclic ring. This othw fing 
was designated for many years as “the second half,” and substances 

^ '‘Chininum," Bureau Tot Bevordung van faet KinineOelnuik, Amsterdam 
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dmv^d ffom it were iraually distinguished by the use of Unpon or menu 
^ names. As fragments of the second haJf, Skraup was able to 
isolate after chromic add oxidation the dibasic loiponic (C 7 H 11 O 4 N) 
4 ind dncholoiponic (CsHiaO^N) adds, and Koenigs found further a 
monobasic acid, meroquinene (CsEisOaN). 


COOH 


CHjCOOH 


CHsCOOH 



H 

lY. Loiponis acid 


H 

V. Ciuohalotpome acid 


H 

VI. Meroquinene 


Loiponic add proved to be a labile form of the synthetically prepared 
hexahydrodnchomeronic add (piperidine-3, 4-dicarboxylic acid).™ Cin- 
choloiponie add, a homolog of loiponic add, can be converted by oxida- 
tion to loiponic add, or by the action of hot sulfuric acid to y-picoline 
(4-methylpyridine). The structure developed for cincholoiponio acid 
(V) from these observations was confirmed by Wohl’s synthesis.™ 

The third product of dnchonine oxidation, meroquinene, furnished 
the key to the structure of the second half. On oxidation with perman- 
ganate, meroquinene yields dncholoiponic add and formic acid, or by 
heating with hydrochloric add it passes into 3'ethyl-4-methylpyridine. 
These facts indicate that the vinyl group is in the /^-position to the nitro- 
gen atom in the second half. All three oxidation products under discus- 
sion are secondary bases. The nitrogen atoms in cinchonine are tertiary, 
and dnce no N-methyl groups are present, the nitrogen in the second 
half must qwe its tertiary nature to linkage in a condensed ring system. 
Oxidation of the second half to meroquinene involves oxidative scission of 
a ling, with formation of a carboxyl and an imino group. 


CHr-C:H— CH-CH=CH, 

7 4| 3 

6CH* 

I 

aCHj 

8 |l 2 

CHr-N CH, 


Vn. a-Vinykniliiuclidine 


CHr-CH— CH— CH«CH, 

I 

CH, 

I 

CH, 

I 

HOOC N- — CH, 

I 

H 

VI. Maroqnimne 


A quinuclidine ring s}mthesis leading to /3-ethyIquinuclidine (which 
ccQstitutra the second half in the natural alkaloids hydrocinchonine and 
It^droqtaaiiie) was accomplished by Komugs.** 

Btr.. M, me ( 1897 ). 

Mid iMfuitadi, M. 4698 (1907). 
lesdnif* Mid Bffnbwt, Bw., M. 3049 (1906). 
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The point of linkage of the quinuclidine group to the rest of the mole- 
cule was shown by Rabe in studies on quininone and dnchoninone, tiie 
ketones' resulting from gentle oxidation of quinine and dnohonine, respec- 
tively. These ketones have a CH group adjacent to, and Activated by» 
the carbonyl group, and on treatment with amyl nitrite break down to 
qmnoline acids (quininic and cinchoninic respectively) and an oxime 
(IX), 3-'vinyl-8-oximinoquinuclidine. 


CHr-CH— CH-CH=CH, 

in, 


RCOOH + 


R-CO— CH— N CH, 

VIII. Quininone, Cinchoninone 


HON= 


CH,-CH-CH-CH==CH, 

djH, 

daa, 

— N CH, 


IX. 3>Vinyl*S-oxiininoq\uniioIidme 


The structure of IX was evident from the results of hydrolsrsis, which 
yielded hydroxylamine and meroquinene. The quinuclidine group must 
therefore be joined to the quinoline portion through a — CHOH — 
group attached to that carbon atom which appears as a carboxyl group 
in meroquinene. 

Cinchonine and the other alkaloids of the cinchona group containing 
a ■vinyl group may be oxidized to the class designated as “tenines.” 
Cinchotenine has a carboxyl group in place of the ^-vinyl residue in 
cinchonine; from quinine and cupreine, quitenine and cuprotenine are 
obtained. 

The cinchona alkaloids are further characterized by the ease with 
which they undergo isomerization. Of the seventeen or more cinchonine 
isomers that have been described by various investigators, at least eight 
are individuals. The most important of these are cinchotoxine and the 
natural alkaloid cinchonidine, which also results from treatment of dn- 
chonine with alkali. Cinchotoxine is a rearrangement product obtained 
by the action of heat on cinchonine salts; many of the cinchona alkaloids 
undergo a similar rearrangement to toxines, so called because of their 
poisonous properties. The isomerism is due to the following change, the 
so-called “hydramine fission”: “ 

11 II 

R-CHOH-CH— N » R-CO— CHj NH— 

Cinohonine Cinobotonne 


The cinchonatoxines can be converted through the cinchona kettmes 
back to the alkaloids, a fact of great importance for synthesis (p. 1207). 

Quinine, C 30 H 24 O 2 N 3 , is the most important of the cinchona alka- 
loids because of its extendve use as a febrifuge and antimalarial. Like 

•t Rmbe, Ann.. 868, 363 (1609) ; Ber., 41, 62 (1908). 

** Rnbe and Schneider, Ann., 366, 377 (1900). 
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«&adbKH)jne, quinine oontuns an aioofaoUc hydroxyl ai^ a 'dnyl group, 
lutt poasefises in addition a methoxyl group. By demethylation with 
hydrochloric add it is sfdit to methyl chloride and apoquinine, a phenolic 
1»» isomerih witii the alkaloid (mpreine. In the demethylation process 
a rearrangement takes plaoe; methjdation of apoquinine results in ^iso* 
quinine, an isomer of quinine.** The position of the quinine methoxyl 
group is evident from the appearance of 6-methoxyquinoline-4-carboxyiic 
acid (quininio add) in oxidations of quinine. 

COOH 



X. Qaisioio 


The other products from the oxidation, namely meroquinene, cincholoi- 
ponic add, and loiponic add, show that the quinuclidine portion is the 
same as in cinchonine; quinine is 6'-methoxycinchonine. 

A total syntheds of the complex structure present in the cinchona 
group has been accomplished by Rabe •* in the preparation of the iso- 
meric dkaldds hydroquinine and hydroquinidine. Both these bases are 
present in cinchona bark; hydroquinine is formed when quinine is hydro- 
genated. The quininic add necessary for the synthesis was prepared by 
condensation of p-anisidine with acetoacetic ester, followed by ring 
dosure, elimina tion of the phenolic hydroxyl, and oxidation. 


CH, CH, 



** Rabe, Hcntenbiag, Sohultia, md Voifer, Btr^ M, 2487 (1981). 
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The secoiMi necessary constituent, h(»nocmchdoipon, was pirepared from 
3-ethyl-4-methylpyridine 03-coilidine). ^-Collidine was oWuiensed with 
chloral and the product converted to ethylpyridylaorylic add with so- 
dium ethoxide. On hydrogenation, the ethylpyridylacrylio add gave a 
mixture of four optically isomeric etiiylpiperidylprppionio adds. Reso- 
lution of the ethyl esters of these adds with tartaric add yielded in large 
part the desired homocincholoipon. 

N-Benzoylhomocincholoipon ethyl ester was condensed in the pres- 
ence of sodium ethoxide with quininic ethyl ester to hydroqiiinotoxine, 
and the toxine transformed by bromination into hydroquininone, which 
on hydrogenation gave, according to the conditions, hydroquinidine or 
the stereoisomeric hydroquinine, identical with the natural bases. 


C,H, 


CH, CHjCHOHtX!!, CH=CHCOOH CH:CH,COOH 

H.IH 




CiHi( 






cja: 

H: 





CH,' 



COCiH, 

CO-CH, ^ CH, 

(ijH, 

in, 

CHr-i:H-CHC,H, 


H 


Br 


CO— CH, N— CO— CH, N- 


H 

CO-CHBr N— CO— CH— N- 


■"■TO 


CHOH — OU““N — Cri.* 

in, 
hs, 

CH, — t!/U— CHCsH, 


Extensive studies by Rabe “ on the stereochemistry (p. 335) of the 
numerous isomers in the cinchona senes have shown that, in the dxteen 
dnchona alcohols investigated, the steric arrangement of asymmetric 
atoms 3 and 4 is the same. Each of the pairs of isomers, dnchonine and 


s 1 



dnohonidine (R' ■> H, R » CH<nCHs), hydrodnehoiune and hj^m- 
dnchonidine (R' « H, R C 2 Ee), quinine and quinidine (R' « OCHa, 

« Babe, Ber., H, 622 (1022) ; ilrm., «at, 242 (1232). 
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B »» C5H“«CH2), hydroquiitme and hydroquirndine (R' = OCHa, R 
yields one ketone on oxidation. This fact, however, does not 
supply valid proof that the isomerism depends upon the configuration 
at (>9 al<me, rinoe the ketmies exist in solution as on equilibrium mix- 
ture of two keto and two enol forms. 

\ I 

>N— C-H 

/ I 

CO 

Reduction of the ketone regenerates the two alkaloids together with two 
new epimeric alcohols. On conversion of hydrocinchoninone to the 
desoxy derivative (at C-9, CO — > CHa), tw'o stereoLsomeric products 
are obtained, whence the conclusion can be drawn that both 08 and 09 
are involved in the isomerism of the pairs named above. The two new 
alcohols obtained from reduction of a given cinchona ketone complete 
the number of stereoisomers (four) to be expected from configurational 
differences at the asymmetric centers 08 and 09. 

Cupreine, Ci9H2202Nj, is foimd in the form of a molecular compound 
with quinine in the bark of Remijia species. It takes its name from the 
blue color of the bark. The structure of cupreine (R' = OH, R = 
CH»CH 2 ) is evident from the fact that it is phenolic in nature, and 
on methylation is converted to quinine. The ethyl ether of dihydro- 
cupreine (R' = OC 2 H 6 , R = C 2 H 6 ), a homolog of dihydroquinine, is an 
effective agent for the treatment of pneumococcus infections, and is used 
as the hydrochloride under the name “Optochin.” 

The cinchona alkaloids are marked by a toxic action on protoplasm, 
especially on low organisms, specifically on malaria parasites. Quinine 
is especially effective, and has in addition an antip3U’etic effect resulting 
from direct action on the heat-producing foci. 

Angostura Alkaloids. The bark of Galipea cusparia (Oalipea offici- 
naUt, angostuia bark), which is employed in the West Indies as a febri- 
fu^ and finds further extensive use in bitter flavoring extracts, contains 
a variety of quinoline bases. The structures of some of these, cusparine, 
galipine, galipoline, and 2-n^myl-4-methoxyquinolme, have been eluci- 
date by £. Sp&th; ** the nature of cuspareine and galipoidine is still 
tmoertain. 

Gsliinne, C 20 H 21 O 3 N, and cusparine, CigHirOsN, both yield proto- 
eateohuie add when fu^d with alkali; this fact, together with the results 

aad co-worken, 8»., ft, 1243, 1887 (1824); Monatth., Bf, 129 (1928); SS, 

iS>a«K>)' 


:-(Ln/ 


> 


N— C 


> 


N— C 


O-OH HO-C 



ALKALOIDS 


1209 

of the methoxyl determination and the relationship of the empirical for* 
mulas, suggests that the second diSers from the first only in containing 
a methylenedioxyl group in place of two methoxyl groups. Controlled 
oxidation of galipine results in 4-methoxyquinoline>2-carboxylic add 
and veratric acid. 


OCHj 



4*MetboxyqtuooIme-2-carbo^lio acid Veratrio vn d 

The formula derived for galipine by linkage of these two fragments 
through a C2H4 chain was shown to be correct by synthesis. 4-Methoxy- 
2-methylquinoline was condensed with veratraldehyde in the presence of 
zinc chloride, and the unsaturated product hydrogenated; the resulting 
base was identical with natural galipine. By a parallel reaction with 
piperonaldehyde, cusparine was obtained. 


OCH, OCH, 



Galipicc Ciuparuie 


Galipoline is a phenolic base, differing from galipine in its formula by 
CH2. On methylation it is converted to galipine. A choice between the 
three possible formulas was made by synthesis, and galipoline was shown 
to be a galipine demethylated at the 4-position of the quinoline nucleus. 
According to Schopf, these quinoline bases are probably formed in the 
plant through condensation of o-aminobenzaldehyde with various /J-keto 
acids (p. 1254). 

ISOQUINOLmE GROUP. MESCAL, HYDRASTIS, BERBERIS, 

AND OPIUM ALKALOIDS 

Alkaloids containing the isoquinoline (or tetrahydroisoquinoline) nu- 
cleus are scattered through a number of plant families, the Cadaceae, 
Papaveraceae, Ranunculaceae, Mmispermaceae, and others. Associated 
with them in a few cases are open-chain bases whose relationship to the 
cyclic alkaloids is close. 

Mescal Alkaloids. The flowering heads of several species of An- 
haknium or Lophophora cactus, known as mescal buttons, have long 
been used as an intoxicant' (“pdlote,” “peyotl") by the natives of Meat 
ioo and the southwestern portion of the United States. Dried slices of 
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ilw iiiaiit aie Viewed as a part of |»irai1dve oeremooi&l rites, and aqueous 
ox aloodiolb eria»ots fmm the buttons aie also oousomed for thi^ exk^ 
1aldfe^^ tfieot. The exunteme&t and the oolor and sound hallucinations 
experienced probably arise lazf^ely from the action of meseaUne. 

Mescaline is oxidized by potassium permanganate to tiunethylgahio 
add; its genial behavior shows further that the bade x>c>rtion of the 
molecule is not cyclic in natvire. The structural formula rests on the 
syntheses of Sp&th *' and others." Anhaline likewise has its nitrogen 
atom in an open chain, and is identical with hordenine, a base found in 
barley germs. 



I. Mctcalina 


II Anhkiioe (HonUsioe) 


The r emaining membeFB of the anhalonium group, anhalamine, an- 
halonidine, anhalonine, pellotine, lophophorine, anhalinine, and anhali- 
dine, are tetrabydroisoquinoline types. 



and anhalonine respectively. Anhalinine represents the 0-methyl deriv- 
ative of anhalamine; anhalidine is the N-methyl derivative of anhala- 
mine. The structure of the entire series has been demonstrated by syu- 
theds." The ssmibetic methods for the uuhvidual members of the group 
vmy, but the syntheds of anhalainine may serve as an example. 3,4- 
IXmethoxy-S-benzyloxybeazaldehyde (VI) was condensed with nitro- 
methaoe, and the (»-nitroetyrene derivative (Vll) so obtained was 
reduced to the conespmiding /3-phenylethylainine derivative (VIII). 
Conddiaation of the phenyletbylanune with formaldehyde resulted in 
doeure of the tetrabydroisoquinoline ring (IX), and on removal of the 
beiuyl group by hydrdlyris anhalamine was obt^ed. 

"Spftili. UmetOi^m, V» il»W. 

**IBoU* sBd S^iBat, Bar., M, 3028 (1930) ; Kiadl«r «i)4 F«mUm, Xrefc. Pharm., 870, 
410 <1088} ; Hilni w4 TIlMnuitli, Bar., 07, 680 (1934). 
and ImIw. irwuM., Oi, 327 (isso). 
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* CH ioT CH A^ ia. 


OCHiCeH, 


VI 


HCHO 


NOt 

I 

OCH,C«H» 

vn 


H, 


1 

OCHtCiHi 

vin 

H, 


* CHjOk. A yNH ^ ^ CH»O^Js^ 


'Yxc/ 


NH 


OCH*C,Hi 


IX 


OH 

in. AnhalMnin#! 


The tetrahydroisoquinoline ring closure, VIII to IX, might take place 
either ortho or para to the benzyloxyl group. A decision in favor of the 
orAo-position was reached by degradation of anhalamine ethyl ether, 
which yielded the anhydride X, instead of XI, which must have residted 
from the alternative possibility. 


CHA)L Aot 


OC^s 

X 


CHiOS^CO 

I 

OCH, 

XI 


Hydrastis Alkaloids. The rhizomes of Hydrastis canadensis (golden 
seal) contain the three alkaloids hydrastine, berberine, and canadine, of 
which hydrastine, C21H21O6N, is the most important. It is closely re- 
lated to the opium alkaloid narcotine, which is S-methoxyhydrastine; 
the two bases present a complete analogy in their reactions. 

Hydrastine is a tertiary base carrying a methyl group on nitrogen. 


H, 
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Two utetJioxyl groups and a methylenedioxyl group are present; tbe 
reaaafiinlng two oxygen atoms are found in a lactone linkage. 

Hie hydrastine structural formula was developed largely through the 
researdies of Freund and of E. Schmidt. On oxidative hydrolysis, the 
Dudecule is split into hydrastinine and opianic acid; " the structure of 
the latter is known from relationships to methylvanillin (decarboxyla- 
tion) and to hemipimc acid (oxidation). On heating alone, hydrastine 
yidds as the non-badc part meconin, the lactone of meconinic add. 

Hi 


CHO CHO COOH C 0 



IV. MetliylvaniUin V. OpUiu« Mid Vl. Hemipinie Mid VII. Mecoziln 
(Ver«trald«hyde) 


The basic portion from the above oxidative hydrolysis, hydrastinine, 
behaves as an aldehyde and as a secondary amine. Numerous reactions, 
as well as evidence from absorption spectra, indicate that hydrastinine 
(Bke its analog cotarnine) exists in three tautomeric forms: 


Hj H, 



H 

QnaUnury bus 


Salt formation tAkes i^aee through the quaternary ammonium form 
with loss of a mdecule of water (Formula XII). Reduction of hydrasti- 
nine salts results in hydrofaydiastinine (XV), an N-methyltetrahydroiso- 
quinohne d^alive. 

**Vkmai0ma Win, Bar., as, SB (1887). 
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Exhaustive methyktion of hydrastiniiie gives the mtat>g^free rfde- 
hyde, hydrastal (VIII), The constitution of hydrastal rests upon onda- 
tion to hydrastic acid (IX), the methylene ether of 4,5-dihydroxyphthalic 
acid. Hydrastic acid is known as the end product from the degradati<m 
of many natural substances, and has been synthedzed in several ways. 


H 



VIII. Hydrutal 


IX. Hydrastic acid 


The therapeutic value of hydrastinine in reducing uterine hemonhEige 
has led to the development of practicable syntheses “ through modifica- 
tion of Decker’s method.” In this synthesis, fonnylhomopiperonylamine 
is subjected to a Bischler-Napieralski reaction,” a cyclodehydration 
accomplished in the presence of phosphorus pentachloride, and the re- 
sulting norhydrastinine is converted to hydrastinine salts by the action 
of methyl halides. 



H, 



H 

XII Hydraetinise chloride 


Hydrastinine can also be prepared from the less valuable cotamine 
(8-methoxyhydrastiiune), a degradation product of narcotine. Cotar- 
nine is reduced in acid medium to hydrocotanune (XIV) (p. 1220), 
which, on further reduction with sodium and alcohol, suffers replacement 
of the methmsyl group by hydrogen.** The resulting hydrohydrastinme 
(XV) is converted by oxidation into hydrastinine. 

•* RoMiunund, Ber. deut. pharm. Oet., S9. 200 (1919) : Kindler and co-vorkoia, ana., 
4M. 338 (1923); are*. Pharm., 8U. 389 (1927) ; 170. 353 (1932). 

**I>eolMr and oo-woriwra, Ann., SN, 299, 321, 328 (1913). 

** BlaeUar and N;^lieralaki, Bit., 88, 1903 (1893). 

•*JPlrajan and Ramfry.X C**m. Soe^ iW, 1596 (1912). This unuaaal Taae&Hk 

hM batn obaarvnd wHIi a number of derivativeg of prrogalloi trimathyl ether. 
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Linkage of the meconin and hydrastinine nuclei as in formula I is 
assumed in analogy with the structure demonstrated for narcotine (p. 
1220). Attempts to 8}mthesi«e d,f-hydrastine by a method successfully 
employed in the preparation of d,f-narcotine have resulted in two inac- 
tive hydrastine isomers, whose relation to natural i-hydrastine is not 
known.®* 

The alkaloid berberine, CsoHibOjN, is found not only in Hydrastis, 
but also in a number of unrelated plant fanulies, notably the Berberida- 
ceae, from which it takes its name. The structural formula has been 
developed largely through the researches of W. H. Perkin, jun.** 

Berberine, like hydrastinine and cotamine, forms its salts with loss 
of a molecule of water and, like these bases, behaves as though it existed 
in three forms: 



Xnfmmation conoenung the structure cd berberine has been obtained 
largely through oxidation. With permanganate, hemipinic add, hydraa- 
tic add, oxyberberine, and berberal are obtained; with nitric add, ber- 
beronie add r^ulta. 

** Kc 4 )«, Baafry, and R 0 U 1 U 0 &, HM., 238 (1031). 

•• WtMn, ivBu, M, 83 (1880) ; Vt, 002 (1890) ; P«rUn and BoUnaon, 97, 
m OMXfi ; Pwldn. lU, 402. m (1918). 
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VI. Himiplnlii Mid 



COOH 

IX. Hydra«tio add XVUl. Berberonie add 


The construction of a reasonable berberine formula from these smaller 
fragments was accomplished through a study of berberal. This base 
breaks down in hydrolytic processes into noroxyhydrastinine and pseudo- 
opianic acid ; these two components can also be united with loss of water 
to give berberal. Pseudoopianic acid is an isomer of the opianic and 
metaopianic adds arising from the degradation of narcotine and crypto- 
pine, respectively; in combining with noroxyhydrastinine it is assumed 
to react in the hydroxyphthalide form (XXI), and the product, berberal, 
is pven the structure XIX. The structure of noroxyhydrastinine was 
shown by the relationship to the N-methyl derivative oxyhydrastinine, a 
substance obtained from hydrastinine by Cannizzaro’s reaction. 

From a consideration of berberal and of the reactions of berberine, 
Perkin, Qadamer,*' and Faltis •* advanced the now accepted formula of 
berberine, which has been substantiated by several syntheses.® The 



synthetic methods have in general as their goal oxyberberine (XXV), 
a base that has been obtmned by gentle oxidation of berberine, or that 
is formed along with hydroberberine by a Cannizzaro intermolecular 
oxidation-reduction reaction when berberine is heated with alkali. In 


•’Gadwnsr, AnA. Pham.. «3», 848 (1901). 

•• Falti*. Monalth., 81 , 667 (1910;. 

** Piotet and Ouna. Compt. rend., iOt, 1102 (1011) ; US, 380 (1011) ; Ber., M, 3030. 
3480 (1911) ; Pwldn. J. Chem. Soe., 113 , 737 (1018) : Haworth, Perkm, luad Rankin, <M., 
IM, 1886 (1034) ; Parkin. R4r, and Roianaon, iMd., U7, 740 (1936) ; and Quiatan- 
aky. Bar.. 88. 2287 (1036). 
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dbaoge, berberine must be considered as reacting in the pseudo-base 
fonn XVIla. Oxyberberine can be reduced to tetrahydroberberine, and 
the latter converted to berberine by oxidation. The <ayberberine syn- 
tiffisis of Perkin, Bay, and Bobinson consisted in cond^isation of homo- 
piperonylamine and meconincarboxyKc acid to an amide (XXIV), which 
was then subjected to a Bischler-Napieralski isoquinoline ring closure. 
Hus resulted in an intermediate, which was redudble to oxyberberine. 



XXIII. MeooninearbosyHo acid XXIV. Meconl&eftrboiyhoxno> XXV. Oiyberbtfine 

piperooylamkie 


Berberine is relatively inactive physiolopcally ; in large doses it exerts 
a paralyzing effect of central origin. It has been variously recommended 
as an oxytocic, as an antimalarial, and as a cure for morphinism. 

Canadine is i-tetrahydroberberine,*'’ and occurs also as the dextro 
form in Corydalis along with other alkaloids (corydaline, corybulbine, 
etc.) closely related to berberine. 

Ophim Alkaloids.'*” Opium is the dried latex from the unripe seed 
capsules of the opium poppy, Papaver somniferum, and has proved to be 
one of the richest sources of alkaloids. The bases occur in part in the 
free state, in part combined with sulfuric, lactic, acetic, or meconic acids. 
Most of them are derivatives of isoquinoline or tetrahydroLsoquinoline; 
the remainder (morplune group) are probably related phytochemically 
to diose of the isoquinoline group,'’ *’ * and are most conveniently con- 
adered under this classification. 

Because of the great importance of opium and its alkaloids in medi- 
cine, the world production is enormous. In 1939, 1,123,164 kg. of raw 
opium were reported to the League of Nations, and in the same year the 
manufacture of 27,238 kg. of morphine alkaloid was recorded. These 
%ure8, however, do not include the huge quantities produced illegiti- 
mately to supply tlie needs of opium and morphine addicts. The clan- 
destine production probably exceeds 5000 tons of opium. 

Gadamer, Arth. Pharm., M8,'48 (ISIO). 
and Juttu. B»., «4, 1131 (mi). 

&naB «Ad Into, "Gbamis^ ot the Opium AUubrida,” U. B. Govanunant Printaig 
iMll^a {19SS9 : KviMbaeier, “Oia Konatitutioiuoforaohung der wiahtiiMten ^ditm Alba- 
kida” AhmUfSamml icAam. ehm.rtMh. VorMoe, Voi. 18, p. 225 (1012). 
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Papaverine, OJ 0 H 21 O 4 N, is found in all parts of the growing poppy, 
and is present in opium to the extent of about 0.5 to 1 per cent. Its 
structure as tetramethoxy-l-benzylisoquinoline was eluridat^ in a long 
seri^ of researches by Goldschmiedt.^* These investigarions constitute 
an excellent example of the application of oxidative degradation to struc- 
ture determination. By gentle oxidation of papaverine, the secondary 
alcohol papaverinol is formed ; more vigorous treatment yields the cor- 



1. Papaverioe (11. Papavereldine III. P&paverinie 


responding ketone, papaveraldine,’®® or finally the dibasic acid, papav- 
erinic acid.‘“ 

On more complete oxidation, the fragments obtained are veratric 
acid, metahemipinic acid, 2,3,4-p)Tidinetricarboxylic acid, and 6,7- 
dimethoxyisoquinoline-l-carboxylic acid.’** 

COOH 

OCH, CHjOks^COOH HOOck^N 
OCH, COOH COOH 

Veratrio add Metahemipinic acid 2,3,4*P3rndinetri- Dimethoxyiaoquino- 

carboxylic acid line-l-oarboxylio 

add 



On fusion with potassium hydroxide, papaverine yields, among other 
products, 6 , 7 -<iiraethoxyisoquinoIinc and dimethylhomocatechol.*®^ 


e,7-DimeUioiyiw)quiiKiline 


CHs 

OCH, 

Dimethylhooaooatedhol 


The mode of union of these fragments in papaverine is evident; the 
appearance of two methoxyl groups in each portion, as well as in the 
oxidation products above, shows that the mcthoxyls do not take part in 

“Ooldsdimiedt, Monalth., 9. 778 (1888). 

^ Qadamor and Schillemann, AtcH, Pharm,t 153. 284 ^1915)* 

Oiddaobmiadt, ^fonotiA., 6, 964 (1885) ; T, 486 (1886). 
tM OoldMiuniwlt, ttuL, 6. 372 (1886) ; GiAdsdiimiedt and Stnudm, aid., lA, 503 (1880). 
iwOoldMfainiadt. Md.. 5. SIO (1887). 
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the Ihikege; a <Ui«ot unkna of two amcnatio du<M would iM»t eaq^ain 
the ease with which they separate. linkage throi^ a metbyleue group 
at the point where the eaihoxyl oi dimeth(»Qdsoquinoline-l>eaiboxylie 
add is found gives a satisfaetoiy explanation of tl^se facts and of the 
other reactions of papaverine. 

Papaverine was first synthesised by Pictet and Gams by a method 
that gave complete confirmation to the accepted structure. As starting 
substances for this synthesis, veratrole (o-dimethoxybeius^e) and vera- 
trio add (3,4-dimethoxybenE(»c add) were chosen. By the Friedel and 
Crafts reaction veratrole was converted to aoetoveratrone, and the isoni* 
troso derivative of acetoveratrone was reduced with tin and hydrochlo- 
ric add to aminoacetoveratrone (IV). Interaction of ammoacetovera- 
trone hydrochloride and homoveratroyl chloride (V) yielded the amide, 
a)-(homoveratroylanudo)aoetoveratrone (VI). By selective reduction of 
the ketonie carbonyl group of VI with sodium amalgam, the correspond- 
ing secondary alcohol, homoveratroylhydroxyhomoveratrylamine, was 
obtdned. This substance, heated in xylene with phosphorus pentoxide, 
lost two molecules of water, closing the isoquinoline ring to gi ve papaverine. 


O 



OCH, 


IV V 

H OH 


\/ 



Ftoiet ud Chuiw, Sm, 4t, 2043 (1000). 
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Numenms other syntheses have been developed; “• it is reported ttsat 
Be( 3 «t processes developed by drug manufacturers permit the synthesis 
of papaverine on any dedred scfde. 

Papaverine caus^ light narcosis, in larger doses tetaniis Mid respira- 
tory paraly^. It has an antispasmodic action on smooth muscle and is 
used (chiefly in Europe) to relieve bronchial or intestinal spasms, and in 
obstetrics. 

Laudanosine, C 21 H 27 O 4 N, is found in opium in small amounts, and 
is closely related to papaverine. Its structure as dexfro-tetrahydro-N- 
methylpapaverine was demonstrated by reduction of papaverine metho- 
chloride with tin and acid, and resolution of the resulting d,?-tetra.hydro- 
N-methylpapaverine (racemic laudanosine) ; the dextro form was iden- 
tical with laudanosine.^™ The first complete synthesis of laudanosine 
was carried out by Pictet and Rnkelstein and is of interest as the 
first synthesis of an opium alkaloid. In connection with laudanosine, 
the rare opium alkaloids laudanine, laudanidine, and codamine may be 
mentioned. Laudanine is the racemic form of 3'-demethylo-tetrahydro- 
N-methylpapaverine ; laudanidine is the leva form of the same base.*'* 
Codamine represents racemic 7-demethylo-tetrahydro-N-methylpapav- 
erine.“* 


H, H, Hi . 



TiOT^infflriniy lAudftniDd Cod&xntM 

The location of the phenolic hydroxyl groups in laudanine and co- 
damine was shown by Spath through the device of ethylation and subse- 
quent oxidation. From ethyllaudanine, 3-ethoxy-4-methojQrbenzoic acid 
was obtained, from ethylcodamine, an isoquinoline derivative carrying 
the ethoxyl group in poedtion 7 ; the structure of both alkaloids was then 
confirmed by synthesis. 

iM Buck. Havorth, aad Perkin, jun., J. Ckm. Soe., U6, 2176 (1924) ; Rosannuind, 
Notbnasol, *nd Sieaenleldt, Bcr., 60 , 392 (1927) ; Spkth and Burc^, Bar ., 60 . 704 (1927) ; 
Buck, J. Am, Chem. Soc„ 62 , 3610 (1930) ; Spath and Beider, B«r., 63 , 2098 (1930) ; 
Mannish and Walther, Arch. Pharm,, 266 , 1 (1927). 

Pictet and Athwaaseasu, Bar., SS, 2348 (1900), 

»> Pictet and Finkelstein, Ber.. tt, 1979 (1909). 

lU Spath and Lang. Monatth., 42, 273 (1921). 

u* Spath and Bemhauer, Bar., 62, 200 (1925); Spath and Barsw, Jfonoi^, 47, 
733 (1926). 

“‘Spath and Epetein, Bar., 69, 2791 (1926) ; 61, 834 (1928). 
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" 1 !W fiHoUcnd naxcotine, C23H280rN, occurs in ojnum its tiie free base 
in UQCSlnts up to 10 per cent or more. It differs structurally from hydras* 
tine (p. 1211 ) only by the presence of a methoxyl group in the 8 -position. 
On oridative hydrolysis it is broken down to cotsmine (the methoxy ana- 
of hydrastinine) and opianio add.“‘’ From r^uctive hydroly- 
ds, the fragments are meoonin and the previously known opium allcftlnirf 
hydroootamine.^“ 



OCH, 


CH,0 H* 

HydrocoUrnine 



OCHs 


NftrootiQd 


Meconin 


Cotamine presents in its reactions and tautomeric behavior a complete 
analogy to hydrastinine. On reduction it yields hydrocotamine, the ana- 
log of hydrohydrastinine; on ojddation the product is cotamic acid 
(methoxyhydrastic acid). When treated with bromine, cotamine is con- 
verted to a series of hydroxyisoquinoline betaines known as tarconines.*®* 
The structural formula of narcotine, like that of hydrastine, was 
evolved by joining in the most reasonable manner the products identified 
from degradation. The presence of a tertiary nitrogen atom shows that 
the nitrogen-containing portion in narootine has the isoqumoline struc- 
ture of hydrocotamine and not the open-chain amine (or tautomeric) 
form of cotamine. The lactone nature of narcotine indicates the mec- 
(Htin, rather than the opianic acid, grouping for the nitrogen-free portion, 
and the appearance of two aldehyde groups (in cotamine and opianic 
acid) in oxidative (^gradation shows the points at which the two frag- 
ments are jomed.*” The structural concept so reached waa confirmed by 
the eyntbesis of Perkin mid Robinson.*" Meconin and cotamine (the 

Winter. Ann., SO. 1 (1S44). 

Bedc^ and Wri«bt. /. Chm. Sac., S8, 673 (1876) ; Rabo and MeMiUon, Btr., 48, 
m (IVIO). 

Romt, Aim., SS4. 866 (1889). 

**• Perkin and RoUnion, /. Chtm. Soe., ft, 776 (1911). 
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latter probably reacting as the pseudo-base) were condensed, giving the 
opium alkaloid gnoscopine, which is d, 1-narcotine; the levo form is 
natural narcotine. Since both of the constituents have been synthesized, 
this constitutes a complete narcotine synthesis. 

The Morphine Alkaloids. Morphine was the first organic base to be 
isolated and characterized as siich (Sertumer, 1S05) ; it is today one 
of the most useful drugs known. Opium may contain as much as 20 per 
cent morphine, but the average is in the neighborhood of 10 per cent. 
Smoking opium, a specially prepared form, has about 8 per cent mor- 
phine.*®” The methyl ether of morphine, known as codeine, and the third 
member of the morphine group, thebaine, are present to the extent of 
about 0.5 per cent in opium. It is not known with certainty whether 
morphine and codeine occur in any plant but Papaser somniferum; 
thebaine has been found in Papaver orientale. 

No group of alkaloids has offered more stubborn resistance to solu- 
tion of the structural problem; since 1889, when the first well-founded 
speculation appeared (Knorr no less than twenty structural formulas 

for morphine have been proposed by eminent workers in the field.““ The 
most probable of these, advanced by Gulland and Robinson in 1925, 
is baaed upon the enormous amount of experimental evidence that has 
been accumulated in the last four decades, and explains best the compli- 
cated and exceptional reactions of the morphine group. 



Of the three oxygen atoms in morphine, Ci 7 Hi 903 N, one is present 
in a phenolic hydroxyl, one in an alcoholic hydroxyl, and the third is in- 
different, in an ether linkage. The nature of the last-named was shown 
by Vongerichten throu^ his studies on methylmorphenol. This sub- 
stance is formed in the last step of the exhaustive methylation <rf mor- 
phine (or codeine) through a reaction peculiar to the morphine aeries. 

KrSmeke, “Fr. WQh. SartQrner, der Entdeoker des Morphiums,'* Fodhar, Jma (1025). 
m Simons, /. Jnd. Bng. Chtm., 8, 345 (1016). 

»« Knort, fler., n, 1113 (1889). 

us Quiland and Robinson, J- Chon. Soe., ttS, 980 (1923). 
iU VoDgwichten, Bcr., SO, 2430 (1897) ; SI, 3108 (1808) ; SS. 353 (1000). 
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li£ei3i7!jx«»l>h^ol ia 3-m0Ulio]^-4,5i>he!umthiylec» oxids; it caa be 
itewssfcmofid to 3-methoxy-4>hydroxyphenaQthrene (metibylmorphol) by 
leduotion with sodium mid alcohol, or to 3,4,5-trihydroi^heiiaathrezie 

tv. Methylmorphol 



by allfftlt fufflon. The location of two of the morphine oxygen atoms and 
tile presence of the phenanthrene nucleus are thus demonstrated. By 
sine dust distillation of morphine and its derivatives, phenanthrene itself 
is obtained. 

Both hydroxyl groups of morphine are acetylated by acetic anhy- 
dri<k, yielding diaoetylmorphine, whose hydrochloride is the important 
narcotic heroin. With chlorinating agents only the alcoholic hydroxyl 
group is attacked, and a phenolic halogenated base, o-chloromorphide, 
results; at the same time small amounts of an isomer, jS-chloromorphide, 
are formed. The ^dsomer represents a rearrangement product of the 
<K-oompound, and can be prepared from it; the nature of the isomerism 
is not certain, but it is probably due to attachment of the halogen at a 
different point in ring III, i.e., at carbon-8. 

The two chloromorphides can be hydrolysed to three isomers, known 
as a-, /3-, and y-isoonorphine.*** No morphine is regenerated in the 
hydioly^. In nearly all morphine studies, structural determination has 
been made in the methyl ether (codeine) series becaiise of the greater 
stability and more agreeable physical properties of these derivatives. 
In the reactions under consideration, codeine, through a- or ^chloro- 
eodide, is converted to isocodeine, allopseudocodeine, and i>seudocodeine, 
ecHrresponding respectively to a-, /3-, and y-4somorphines. 

Ejaorr ^ was able to show that codeine and iso(x>deine can be oxidised 
at the alcoholic hydroxyl group to give the same ketone, oodeinone; the 
^lomemsan depends tiierefore only upon the spatial arrangement of hydro- 
gen and hydroxyl in these two diastereoisomers. Codeinone, moreover, 
can be d^raded to 3,4,6-trimethoxyphenanthrene. The alcoholic hy- 
group in coddne and isocodeine, as well as in morphine and 
o^Kxnorpfaine, muBt be located on carbon-6. By a Gomiiar metiiod, 
pseadocoddnrHie and 3,43*tiimethoxyi^nanthrene it was 
dtown tiiat in allopaeudo- and pseudo-codeines tl^ hydroxyl group is <hi 

*** iMt, /. Cfmu Soe., n, MOB (1907) ; Opp«, Ber., 41.. 976 (1908). 

WKbiot aod HMtfB. 4t. 3032, 8341, (1907) ; Kowr, IS, 3074 (1008). 
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carbon-^. The nuclear portions -6 and -8 are thus excluded as pos^le 
points of attachment of the nitrogen-containing ring. 



The presence of the alicyclic double bond in morphine and codeine 
and in the isomers can be demonstrated by catalytic hydrogenation; in 
peeudocodeine and allopseudocodeine a tendency to add four atoms of 
hydrogen with reductive scission of the 4,5-ether linkage is seen, a phe- 
nomenon that is undoubtedly connected with the allyl ether structure . 
of these bases. The position assigned to the codeine double bond depends 
upon reactions of the methylmorphimethines. 



Satisfactory proof of the position of the nitrogen-containing ring in 
the morphine series has been most difficult to obtain. The nitoc^^ atom 
is tertiary and carries a methyl group. When (^eine methiodide is 
heated with alkali, the nitrogen ring is broken in the umal way and the 
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|M!odhict 18 a-methy]morpliimethine.^ Under Uie influence of aleohoHc 
a-methylmorplnmethine is transformed to an isomer, ^methyl- 
morphimethine. The change is believed to be due to a shift of the 
7,8-double bond to a position (-8,14) in conjugation with the new un- 
saturation at -9,10, and is one of the chief reasons for pladng the 
mcuphine double Unkage at position -7,8. These two methine bases 
yidd the same tetrahydro derivative, showing that the isomeiism is 
doe only to a difference in position of the double bond. By the same 
degradation process, isocodeine gives 7 -methylmorphimethine, which 
likewise can imdergo rearrangement. From pseudocodeine and allo- 
pseudocodeine, however, methylmorphimethines (e- and f-) are obtained 
in which the location of the unsaturation and hydroxyl is such as to 
preclude a shift to form a conjugated system.^’ 

When the methylmorphimethines are heated with acetic anhydride, 
they break down into methylmorphol (IV) and ^hydroxyethyldimethyl- 
amine, (CH 3 ) 2 NCH 2 CH 20 H. The nitrogen atom in the methines and 
in morphine is evidently linked with two carbon atoms in a chain which 
is easily separated as a whole from the phenanthrene nucleus. Degrada- 
tion of the methylmorphimethine meihiodidcs with alkali by the usual 
Hofmann procedure also results in loss of the chain in the form of tri- 
methylamine and ethylene. The point of attachment of the nitrogen 
atom to the nucleus in morphine rests on Knorr’s *** studies of 9-hydroxy- 
oodeine, a derivative obtained by gentle oxidation of codeine. The 
methylmorphimethine formed in the first step of the degradation of this 
hydrorgrcodeine is a ketone, hence the new hydroxj’l group must be 
located on a carbon atom that becomes unsaturated when the nitrogen- 
containing ring opens. 



Only poations -9 or -10 are possible for the carbon atom in question, for 
acetoiysis of the methine results in a methoxydiacetoxyphenanthrene 
that cannot be oxirflzed to a phenanthrene-9,10-quinone without loss of 
an acetoxyl group. On steric grounds, attachment at 9 is most probable. 

WHomo, Ann., m, SOS (1883). 

^ Snoiriuid co-vork»r«, Bcr., 88 , 3009, 3010 (1008) ; 88 , 4413 (lOOC) ; 40, 3844 (1907) ; 
tmd L«m, /. Chem. 8oe., 19, SOS (1901) ; Wldand and Koinli^ Ann., 488, 207 

>*RiM)rr and eiywotken, Ber., 99, 1414 (1900); 40. 2042 (1007). , 
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Becau^ of the great labUity of the ethaoamine diain, the location of 
its other end has been fraught witii much difficulty. Treatm^t of mor- 
phine with various amdic reagents results in apomoiphine, in which 
Pschorr demonstrated, both by degradation and by syntheM, that the 
chain is linked at position -8.^ This position is untenable for morphine, 
however, because of the evidence cited above for the structure of pseudo- 
codeinone. Thebaine, which is known through its relationship to 
codeinone and to dihydromorphine dimethyl ether to contain the funda- 
mental morphine skeleton, may give through the action of hydrochloric 
acid either morphothebaine (chain on carbon-8) or thebenine, in which 
the chain is imquestionably attached at carbon-S.*** 





The generally accepted location of the chain at carbon-13 was devel- 
oped in an attempt to account for the extraordinary tendency shown by 
all the members of the morphine group to lose the entire ethanamine side 
nhHin in degradative reactions. Linkage at a quaternary carbon atom 
(position -13 or -14) is the only arrangement under which it becomes 
necessary for the side chain to shift (to position -5 or -8) or separate from 
the molecule when aromatization of ring III or of the whole phenanthrene 
nucleus place. Position -14 is improbable because it does not per- 
mit of a reasonable structure for thebaine. Schopf * was able to substan- 
tiate the structural theory of Gulland and Robinson by a study of the 
Beckmann rearrangement of dihydrocodeinone oxime (XTV), which 
resulted in formation of an aldehyde (XV), instead of the ketone that 
would be expected if the chain were attached in position -5. 

»• Psehorr and co-workers. Ber., 40, 1998 (1907) ; 6t. 321 (1929) ; end Eromsyca 

Ber^ tt, 326 (1929). 

iwOuUmuI and Virden, J. Chem. See., 981 (1928). 
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Thebaine (II) is regarded as the methyl ether of the enol form of 
eodeinone (VII), and can be converted to codeinone by gentle hydrolysie. 
When the two hydroaromatic double bonds present in thebaine are 
saturated, dihydromorphine dimethyl ether is obtained. 

In recent years, exhaustive researches have been carried out to deter- 
mine the structural features responsible for the physiological action of 
morphine.^* It may be stated briefly that the presence of the phenolic 
hydroxyl is essential for high analgemc action, while the alcoholic hy- 
droxjd appears to exert on opposite effect. When the alcoholic hydroxyl 
group is replaced by hydrogen, or methylated, a great increase in anal- 
gesic power is observed. Morphine alcoholic methyl ether, for example, 
is approximately one hundred times as effective in this respect as the 
phenolic methyl ether (codeine). If the nitrogen- or oxygen-containing 
rings of morphine are opened, a great decrease in physiological action 
results. 

Neoiwe, a recently discovered rare member of the morphine group, 
represents a codeine in whidx the alicyelic unsaturation lies between car- 
bons-S and -14. It is converted to dihydrocodeine on hydrogenation, or 
directly to |3-methylmorphimethine in the flrst step of Hofmann’s degra- 
dation.*" 

An alkrdoid having a structural skeleton simil ar to that of the mor- 
phine group is found in the Japanese vine Sinomeniutn acuium.^ This 
base, rinomenine, is a 7-methoxy derivative of the keto phenol thebainone 
in tlm morphine series. 



Onali, Eddy, MoMttig, aod EEimra^baefa, ‘'Stud]«a o& Drag Addiction,” U. & Gov- 
iWtinc Office (1098). 

"*▼•0 Dain, Botisaw, and &niUi, J. Chtm. Soe., 003 (1020). 

MXoado and Odiiei, Ann^ dW. 224 (lOM). 
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All tJie asTynimetric carbon atoms in sinomenine have the configuration 
opposite to that of the corresponding asymmetric centers in morphine; 
conversion of sinomenine to the optical antipodes of morphine derivatives 
has been accomplished. 

Morphine finds therapeutic use as a result of its depressant action on 
different parts of the central nervous system. It causes marked anal- 
gesia and, in larger doses, narcosis. Codeine has more tendency to ex- 
cite, and the narcotic effects of morphine are exhibited, but in weaker 
degree. Morphine and many of its derivatives are characterized by their 
ability to produce the dangerous addiction known as morphinism. The- 
baine is a violent tetanic poison. 


INDOLE GROUP. HTPAPHORINE, ABRINE, AND GRAMINS; 

HARMALA, PHTSOSTIGMINE, YOHIMBINB, STRYCHNOS, AND 
ERGOT ALKALOIDS 

The important group of alkaloids containing the indole nucleus ranges 
in complexity from such simple substances as hypaphorine (I), the 
methylbetaine of tryptophan, to the complicated structures of yohimbine 
and strychnine. Probably all these alkaloids have as the parent sub- 
stance the amino acid tryptophan (p. 1159), a building unit that appears 
to be of great importance in the synthesis of both plant and animal bases. 
The toad poison (p. 1164) bufotenine is a derivative of tryptamine; it is 
interesting to note that bufotenine and physostigmine (p. 1230) are the 
only 5-hydroxyindole derivatives that have been encountered in nature.*** 
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Abrine, an alkaloid from the seeds of Abrus precaiorius, is Hkewise 
a simple derivative of tryptophan. Its constitution as in formula III is 
immediately evident from the fact that it can be decarboxylated to yield 
N-methyltryptaraine. The optical activity of abrine excludes a ring 
position for the carboxyl group. On treatment with methyl iodide and 
alkali, moreover, it gives the same methyl ester methiodide as is obtained 
from the parallel methylation of f-tryptophan.*“ 

*•* WiaUnd, Konc, imd Mittasch, Ann., ilS, I (1934). 

>**HcMhmo, Ann., StO, 31 (1936). 
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Another simple indole base, gramme, has recently been isolated from 
tile germ of Swedish barley. It is the first alkaloid to be found in any 
of the Gramineae,^" and is identical with donaxine, an alkaloid obtained 
from an Asiatic reed. The presence of the indole nucleus in gramine or 
donaxine is apparent not only from the absorption spectrum, but also 
from the appearance of skatole ( 3 -methylindole) in the zinc dust distilla- 
tion. A synthesis of gramine has been reported.*" 

Hannala Alkaloids. The seeds of the African rue, Peganum harmala, 
contain as phosphates the alkaloids harmaline, C13H14ON2; harmine, 
Ci8Hi 20N2; and harmalol, C12H12ON2. The three bases are closely 
related : harmaline is the methyl ether of harmalol and a dihydro deriva- 
tive of harmine. The ring system present is a condensation of benzene, 
pyrrole, and pyridine nuclei, which Perkin and Robinson have desig- 
nated as 4 -carboiine. 



L 4-CarboUiie II. lU. Ilarmaline, Hanaftlol 


Oxidation of harmaline with nitric acid reveals the benzene nucleus, 
which appears as m-nitroanisic acid. In the same reaction, a dibasic 
add, C10H8O4N2, harminic add (VI), is formed. In it the pyrrole and 
pyridine nuclei are contained ; on further oxidation it yields isonicotinic 
add (■y-pyridinecarboxylic add). 

OiN|#*^COOH HOOCf!**^ 

CH.oiO' 

IV. flfNHroaoiiit acU V. booicotiiiie aoid 

In haiminic add the two ^rboxyl groups derived from the benzene 
nucleus are adjacent (fitunescein reaction); by decarboxylation <me 

If* von Euler uid Etdtmaii, Ann., SIO, 1 (1035) ; von Euler, Erdtmim, and HeUitrOm. 
Btr.. as. 743 (1930). 

**fWMsnd end Bifog, Awn., MW, 188 (1036). See, elao, ErdtouHi, Ser., <9, 3482 
<19|0>; OrwHboff and Norkiiw, Ber^ M, 4S6 (1035). 
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or both Bxsy be removed, ffving respectively apohaiminic acid or 
apoharmine. 
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Vn. Apoharmioe 


Further evidence for the presence of the pyrrole nucleus in harmaline 
is found in the formation of red dyestuffs through the action of diazonium 
salts. The location of the methyl group is deduced from the formation of 
benzylidene compounds by condensation with benzaldehyde, a reaction 
characteristic of a-methylpyridines; this leaves, however, two positions 
(3- and 5-) possible for the methyl group. 

An important clue to the arrangement of the nuclei in the harmala 
alkaloids was obtained in the study of harman. This base, which is 
identical with the alkaloids arabine and loturine, was first prepared by 
demethoxylation of harmine; it was found to be genetically related to 
tryptophan, from which it can be obtained by oxidation with ferric 
chloride in the presence of alcohol. 

H, 

— -y N:hcooh 

NHs 
H 

Vni Tryptophan IX. Harman 




Perkin and Robinson suggested that the phytochemical synthesis of 
harmaline proceeds through a condensation of decarboxjdated hydroxy- 
tryptophan with acetaldehyde, followed by O-methylation and oxidation, 
considerations that led to the proposal of the 4-carboline arrangement 
of the three rings. The formation of w-nitroanisic acid mentioned above 
serves to locate the methoxyl group. Various syntheses of harmine, 
harmaline, and harman have demonstrated the correctness of these con- 
clusions. The harmaline syutheas of Manske, Perkin, and Robinson **• 
in 1927 removed the last point of uncertmnty, the location of the alicydic 
double bond in harmaline. A simpler synthesis of Spath and Lederer 
haa as a starting point the condensation of 3-methoxyphenylhydranne 
with y-amino-n-butyraldehydediethylacetal. Acetylation of the conden- 

II* Perkiii uxd Robinson, J* Chen, Soe., US, 933, 967 (1919) ; Rermack, Perldn, and 
Robmson, ibid., U», 1602 (1921;. 

I** Mansko, Perkin, and Robinson, ibid., 1 (1937). 

u*8p>Ui and l«derw, Ber., 6S, 120, 2102 (1930); Akaboii and Saito, Ber.. n.32i6 
Cl»30). 
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satiQii product and oloauie of ^ pyridine ring with idioq>horuB pmt* 
oride led to harmaline. 


H, 



The phytochemical synthesis of the barman types suggested by Perkin 
and Robinson has been supported experimentally by G. Hahn, through 
the preparation of tetrahydroharman from cell-possible substances (tryp- 
famine and acetaldehyde) under physiological conditions (p. 1255). 

While harmaline behaves toward alkylating agents like a base with 
a tertiaiy pyridine nitrogen atom (formula III), the acetyl derivative 
and the compounds resulting from the action of benzaldebyde or diazon- 
ium salts are probably derived from the tautomeric form X.“* 


H, 



Harmine and harmaline have a paralyzing action on the skeletal and 
cardiac muscles; the use of Peganum seeds as a tapeworm remedy prob- 
ably depends upon paralysis of the musculature of the worm. Harmine 
has been found identical with banisterine, an alkaloid used in the treat- 
ment of Parkinson’s disease. 

Fh^stigmine (Eserine). The fruit of the African vine Pkyso^igma 
Knenoaum, known as the Calabar or Es^ bean, is used by the West 
African natives for the administration of divine justice. An enetic sub- 
8tan<» in the seed bull often saves the accused person from fatd poison- 
ing. Tlw beans contdn several aikalmds, of which phyaostigmine and 
geaeserine are tbe most important. 

Badly investigations of physostigmine, CigHgiOaNs, establubed tbe 
fact that two of the nitrogen atoms are tertiaty and carry methyl groups. 
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The thml nitrogen ia split out as znetliylaniine, together mth carbon 
dioxide, by hydrolysis, and is present in a urethan grouping, a strue- 
tuial feature that has been found in no other alkalcnd. The phenolic 
base resulting from the hydrolysis is known as eseroline (II), and can be 
converted back to physostigmine by the action of methyl isoi^anate.^" 
The ethyl ether of eseroline, known as eserethole (FV), has played an 
important part in structure determination. From zinc dust distillation 
of physostigmine, 1- and 2-methylindole8 were obt^ed, but this violent 
degradation scarcely affords proof of the presence of the indole group. 

Degradation of ^roline or eserethole methiodidee (by heating in an 
atmosphere of carbon dioxide) resiilts in physostigmol or its ethyl ether.*“ 
Physostigmol still contains the eseroline phenolic hydroxyl group and 
shows the color reactions characteristic of indoles. The relatively hi^ 
yield obtained in the degradation indicates that the indole nucleus was 
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already present in eseroline, and therefore in physostigmine. The struc- 
ture of physostigmol, and hence the position of the eseroline hydroxjd 
group, was established by Stedmmi’s syntheeos of physostigmol ethyl 
ether.** p-Ethoj^henylmethylhydrafflne (from reduction of nitro- 
somethyl-p-phenetidine) was condensed with o-keto^utaric add, ^ving 
the oarboxymethylindoleacetio add derivative V, from whidi, on decai^ 
bojgrlation, 6-ethoxy-l,3-dimethylindole, ph 3 rso 8 tigmol ethyl ether (III), 
was obtained. 

** Folonovaki and Nitibeis. Bull. toe. eftim., [4] 19, 27 (1916). 

Straua, Ann., 401, 3S0 (1013) ; 400, 333 (1916). Stodman, J. Chem. Soe.. US. 1373 
(1924). 
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An alternative 83 mthe 8 is of physostigmol methyl ether by Spath involves 
condensation of p-methoxyphenylmethylhydrazine with propionalde- 
hyde, followed by a Fischer indole Hng closure.'" 

The physoetigmine formula I was advanced by Stedman and Barger 
on the basis of the known structure of physostigmol and the following 
considerations. Eserethole, on reduction, takes up two hydrogen atoms, 
which are used in opening a nitrogen-containing ring, for the product, 
dihydroeserethole (VI), is a secondary amine, in contrast to eserethole. 



The further degradation of VI by exhaustive methylation supports the 
presence of the aminoethyl side chain. Existence of the angular methyl 
group was conclusively proved by King and Robinson’s synthesis and 
resolution of the methine metho salts of formula VII, wluch were iden- 
tical with those obtained from f-esermethole. 

The physoetigmine formula recdved final confirmation in the complete 
synthms by Julian and Pikl.'" TTus synthesis became feasible through 
the (^[wervation that the hydrogen atom on the 3-carbon of 1,3-dialkylox- 
inck^ is so active that alkylation at this point takes place readily. The 
desired oidndole derivative was prepared by interaction of N-methyl-p- 
phenetidine and oxbromopri^onyl bromide, followed by closure of the 
oxindole ring with aluminum chloride. The ring closure was accompanied 
by an undesired de-ethylation, therefore the l,3-dimethyl-5-hydroxy- 
oxinddte (VIII) waa ethylated before further manipulation. The 

6|Ati> aad ]l^tiokar, B«r., M. 618 (1925). 

^ Stodnun aad /. Chtm. Soe,, m, 247 (1926). 

aad Pild, /. 4 m. Chtm, Soe.. 67, 639, 663, 766 (1936). 
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ethoxy compound was condensed with chloro«,cetoDitnle in the presoioe 
of sodium ethoxide, and the resulting nitrile (IX) was converted to the 
amine by catalytic hydrogenation. The primary amine was transformeri 
to the secondary amine (XI) by Decker’s meth^,* and the product was 
resolved into the d- and f-isomers at this point, since it was found that 
resolution at a later stage could not be accomplished. When 
dimethyl-6-ethoxy-3-^-methylaminoethyloxindole (XI) was reduced with 
sodium and alcohol, ring closure to i-eserethole occurred. The Ires- 
erethole so obtained could be dealkylated (aluminum chloride) to Ihbs- 
eroline, which was then converted by the Polonovski procedure,”* with 
methyl isocyanate, to i-physostigmine. 



Ethylation 
aCHjCN ’ 



IX l,3-Dimethyl-S-«thoxyoii<idolyi- 
3-acetomtrile 


X. liS-Dunethyl-fr-athoxy-S- 
a^minoethyloxiadole 



* Decker's method [Decker and Becker, Ann., 396, 362 (1913)] for the oonversion 
primary amines to secondary consists in condensation of the primary amine with an aide* 
hyde (bmizaldehyde), followed by addition of alkyl halide to the SohiS's base and subM- 
quent hydrolysis: 


RNH j+CeH,CHO -► Rl^a=CHC.Hi -» 


/CH. 

r_N^CHC.H» -► ENHCHi+C«H*CHO+HI 



OBOANIC CHSUISTRY 


mi 

Gteneserine, Ci«Hai(^Na, oontains one oxygen atom more than phy- 
80st%mi&e. It can be reduoed with ease to i^3raosti^pDcdne, and ooq> 
Yetsely, is formed when physostigmine is treated with hsrdrog^ peroxide, 
whence its nature as the N-oxide of physostigmine is evident, '^th the 
exception of an alkaloid of the lupine series, it is the only natural 
alkalcad N-oxide that has been found. 

Physostigmine is exceedingly poisonous, the fatal dose for man being 
in the neighborhood of 10 mg.; death usually results from respiratory 
imalysis. Ihe alkaloid is used in opthalmic practice, and especially in 
the treatmrait of glaucoma. Geneserine is much less toxic, and is proba- 
bly converted slowly to physostigmine in the body. 

Yohimbine. The bark of the West African tree Corynanthe yokimbe, 
used by the natives as a powerful aphrodisiac, contains a number of 
related alkaloids, the most important of which is yohimbine. Quebra- 
chine, from quebracho bark (Argentina), is identical with yohimbine. 

Yohimbine, C21H26O3N2, is the methyl ester of yohimbic acid, 
Ci*H 280N2C00H. The latter, on decartoxylation, is converted to 
yohimbol, which still contains the secondary alcoholic hydroxyl group 
known to be present in yohimbine. When yohimbine is heated with 
selenium, yobyiine Ci9HieN2, tetrahydroyobyrine CieH2oN2, and keto- 
dihydroyobyrine C20H18ON2 are obtained. From the fragments ob- 



tained by degradation of these products, the yohimbine formula I has 
beendmived.* 

Yohimlnc add, with fused potasdum hydroxide or dnc dust, yidds 
harman (sdsaon of ring D)}” Ketodibydroyobyrine, on the other hand, 
when fused with alkali, suffers breakage of ring D at a, different point, 
and ^ves norbarman and 2 , 3 -dimethyibenzoic add.*^ 

iMCmidi. J. Am. Oum. Son., M, 1296 (1938). 

^Tlw poritkm of th* itiocdtolie hydrozyi grottp u not knomi wHh eertaintx. 

»« Wanukt, Btr., M, (1927); Barger and Sohola, J. Chm. Sot., 614 (1988). 

Men^ik and Wibast, See. <r«r. <Mm., BO, 91 (1931) ; Batcer and SohoU, Bdv. Chim 
Aefo, m, 1843 (1988). 




When tetrahydroyobyrine is oxidized with nitric acid, ring D survives 
intact and appears as berberonic acid. Ring D is likewise found, together 
with ring E, in the form of isoquinoline, from zinc dust degradation of 
yohimbic acid.*" 

The position of the carboxyl group on ring E may be assumed from 
the formation of dimethylbenzoic acid mentioned above, and from the 
appearance of m-toluic acid when yohimbine or yohimbic acid is treated 
with superheated steam. 




laoquitioliDtt fi^Toluio acid 


Ring E can aJso be obtained as phthalic acid by oxidation of yobyrine. 
The indole grouping, rings A and B, was obtained by Barger and Scholz 
as 3-ethylindole from potash fusion of yohimbic acid, and ring A with 
ring B opened appears in oxalylanthranilic acid, which results from per- 
manganate oxidation of yohimbine.**® 



^Ethylindolfl OxalyUaUmaifio Mod 


The podtion of the yohimbine alcoholic hydroxyl group is still some- 
what uncertain. Scholz favors the 14-position, as accounting best for 
the difficulty observed in the hydrogenation of apoyohimbine, a dehydra- 
tion product resulting from the action of sulfuric acid on yohimbine. 
Hahn regards positions -17, -18, or -19 as posdble, excluding -14 on the 
basis of the quantitative alkaU degradation of tetradehydroyohimlnne 
into m-toluic acid and hannan, whereby carbon atom-14 s^pears as the 

*" Winterstein aad W»ltw, Belt. Chxm. Ada, 10, 577 (1027). 
iw apfttli and Bretaelineider, Bar,, 6S, 2007 (1030). 
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harman methyl groop.*" In fonnula I the hydroxyl group has been 
placed on carbon-l? because the remarkable synthesis of the yohimlune 
skeleton by Hahn and Werner, accomplished almost entirely under phys- 
iological conditions, makes it seem possible that the plant syntheazes 
the alkaloid by a parallel process, a synthesis that could scarcely succeed 
were the hydroxyl group at a position other than that shown.^ 

Yohimbine is used as an aphrodisdac. It promotes sexual desire in 
both male and female throu^ dilation of the blood vessels of the genital 
organs, and also stimulates the sexual centers of the spinal cord. 

Sttychnos Atkaloids.^^*' The alkaloids of Sirychnos nux^vomica 
and of Ignatius beans (S. Ignatn), strychnine, brucine, and vomicine. 



I. Strycluune (Bruciue) 


present a structural problem of such complexity that only the salient 
features can be mentioned. In spite of the intensive researches being 
carried on at present in the laboratories of Leuchs, Robinson, Wieland, 
and others, it is not yet possible to present for strychnine a structural 
formula that is certain in every detail. The most recent proposal (I) 
may serve for discussion; Leuchs favors the linkage of the C2H4 group 
to carbon- 3 . 

Brucine, C23H26O4N2, is a dimethoxy derivative of strychnine, 
C«iH 2202N2, and behaves like it in most reactions not involving the 
fuomatio nucleus. The position of the brucine methoxyl groups, already 
deduced from color reactions, is confirmed by Sp&th and Bretschneider’s 
oridation of stiydmine to N-oxalylanthraiulic add, of brucine to 4 , 5 - 
dimethoxy-N-orMlylanthranilic add (II). 

Kappad, and ludewiK, B«r., >7, S86 (1934). 
a&d Warner, Arm., ttC, 123 (193S). 

Botdneon, "RslBerian Lecture,” Proe. Roy. Soe. (JLondcn), JUM, 431 (1931). 
Armuol Beetew o/ Biodtemktry (1933), Vol. II, p. 444; (1935), Vol. IV, p. 497. Sp^th, Aid. 
08875. VtL n. p. 528. SmiOt, Orid. (1939), V<A. VIII, p. 478. 

**'Salai. "Alkalcdde,” Urbea nnd Schwanenberg, Berlin (1933). 
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n. 4,S-Di]nethoiy-N-oxalyIantfaTaiiilic acid 


One of the two nitrogen atoms of strychnine, N (a), has no basic prop- 
erties, and is in a cyclic amido group. By hydrols^ at this point, 
strychnine is converted into strychnic acid (III). By electrolytic reduc- 
tion at the amido carbonyl group in strychnine, strychnidine (IV) and 
tetrahydrostrychnine (V) are formed. 


Oot 

H 


HOOC— CH, 

III. Sfcryohnie acid 





rV. Strychaidine 



HOCHr-CH, 

V. Totrahydroatryehniiia 


These products still contain a double linkage, whose presence, as in 
strychnine itself, may be demonstrated by catalytic hydrogenation. The 
strychnine amido group forms part of the system R — N(a) — COCH 2 — 
in which R is a benzene ring with a free paro-position; this is deduced 
from the fact that strychnine, but not strychnidine, condenses with ben- 
zaldehyde to give a colored benzylidene derivative. Furthermore, strych- 
nine and strychnidine behave as though related as acylaniline to alkylan- 
iline; strychnine does not give coupling reactions with diazonium salts, 
but strychnidine yields with diazobenzenesulfonic acid an azo compound 
that is an indicator resembling methyl orange. The aminostrychnidine 
resulting from reduction of the azo compound resembles p-aminodimeth- 
ylaniline, and ^ves analogs of the toluylene dyes. 

The second, basic nitrogen atom, N(6), carries no methyl group; it 
is tertiary, even in hydrogenated derivatives, and therefore is not in an 
— N==C — group. When stiychnine methiodide is treated with alkali 
or silver oxide, strychnic acid methohydroxide is formed, and this loses 
a molecule of water to yield the betaine, methylstrychnine, a secondary 
base [N(a)]. 


^ (b)/CH, (6)/CH, (6) ft) 

CsoHssOsbH V — ♦ CtoH«OsBBN\ “♦ C*cH,iO®bN— G tcHssOinN— 

» — ^ — »\j ' — , — ' ' » — '+ ' — V — '+ 
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Metiiylsl^ohiiine resets with hydriodic add to give B^ohoic add 
metidodide; with metl^l iodide it yields dimediylstrychniiie (N>jnethyl- 
Btrydimc add methylbetame), in whioh N (a) is tertiary and bade. 

One of the strychnine oxygen atoms is accounted for in the amido 
carbonyl group; the second oxy^ is indifferent to all reagents for the 
hydro^qr! or carbonyl group, and must be present in an ether linkage. 
By very vigorous reduction, phosphorus and hydriodic acid, the ether 
oxygen may be eliminated (d^xystrychnine) without loss of any otiier 
portion of the molecule, a fact that indicates a cyclic ether structure. 
Strychnidine does not imdergo this type of change. Strychnine and 
dihydroetrychnine, but not the strychnidines, suffer isomerization imder 
the influence of basic catalysts, giving isostrychnine and dihydroiso- 
strychnine. The members of the iso series contain an alcoholic hydroxyl 
group, which can be formed only by a change at the ether oxygen; a 
shrinkage of ring D has been suggested to explain the rearrangement. 
The extreme resistance of the ether oxygen in strychnidine compared 



izC r®CH C CH 


/\ 

H OH 

with that in strychnine in the reactions mentioned makes it probable 
that this oxygen is not far removed from — N (o) — CO — , as in the system 

N(o) — CO — CH 2 — CH — 0 — . This arrangement is conflrmed by the 
results from the Beckmaim rearrangement of isonitrosostryebnine.*” 
Treatment of isonitrosoetrychnine hydrochloride with thionyl chloride 
yields a compound (VII), isomeric with the isonitroso derivative. This 
rearrangement product hydrolyzes with great ease, losing carbon dioxide 
mid hydK^en cyanide, to give the aldehyde-alcohol VIII, in which one 
oxygen atom obviously is that of the former cyclic ether structure.* 
Evidence concerning the propinqmty of N (b), the double linkage, and 
the ether oxygen has been found in the Leuchs degradation. \^en 

w ‘V^alaiid and Kuiro, Atm., 106, 00 (1933). 

* la tha orifiad publioaUoa ihe «ther4iiiked oxjrgen shown m part of a^Hawnbarsd 
zIbc. this view luM fcaea tbemdoaed hr WieUnd (private oommunicatton). 
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stryohnine is oxidized vdth permanganate in acetone, strychninonic and 
dihydrostrychiunonic acids are obtained. Strychninonic acid can be 
reduced to sti^chninolic acid, which decomposes in the presence of so- 
dium hydroxide into strychninolone and glycolic acid. In the brucine 
series the corresponding products obtained are brucinonic and brucinolic 
acids, and brucinolone. These changes are represented by part-formulas 
IX-XI. 



I StrycHmine IX. Strycbnioonio aad 



Support for this mechanism is seen in the fact that stiychninolic add 
contains no double linkage, but strychninolone does. The observation 
that brucinolic adds in which N(a)CO has been reduced to N(a)CH 2 — 
do not undergo the glycolic acid decomposition constitutes an additional 
argument for the relative positions of N(a)CO and the ether oxygen. 
The presence of the N(6)CO group in strychninonic add (and hence 
— (b)CHa — in stryohnine) is deduced from the fact that strychninonic 
esters are not basic, and from the appearance of dihydrostaychninooie 
add mentioned above. This add (^OII) seems to be a diast^emscnniK 
of Btiydhninolic add, X, and can be oxidized to stryohninonie add, IX. 
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' ' A mechaiusm proposed for its formation from strychnine postulates the 
changes I XII XIII: 
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liie last of which, XII to XIII, b plausible only if XII contains the group 
— N(5)CO— . 

Oxidation of brucinonic acid with hydrogen peroxide sdelds a product 
from which the 9-carbon atom has been lost as carbon dioxide, and 
which has properties indicating that N(h) must have been in a five-mem- 
bered ring, E (Leuchs). Evidence for the exbtence of ring G has been 
difficult to obtain, but its presence b made probable by the appearance 
of carbazole, containing rings A, B, and G, in vigorous degradations (zinc 
dust dbtillation) of strychnine. In thb reaction rinp A and B are also 
revealed as indole. 



Cubaiole Indol* 


The indole nucleus has been identified more acceptably through nitric 
add oxidation of strychnine. Thb process leads to dinitrostrychol- 
carboxylic add (XIV), which can be further degraded by the Curtius 
method throu^ the azide and urethan to dinitrobatin (Robinson). 

— COOH 

NO, H 

XIV. DinltnwttTeluaetfboi]^ Mid 



By destructicm of four carbon atoms of the aromatic nucleus in strych- 
nine and brudne, derivatives of the hypothetical base nudne are ob- 
taiimd, and simQarly from stiychnidine and brucidine, derivatives of 
snddine. Destracrion of tbe entire aromatie nudeus yields tire aponu- 
ctoBB or i^nuddb^. 
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Incarnation ocmoenung the C 3 H 4 chsin attached to N(b) has been 
most difficult to obtain. An erroneous interpretation of the bromination 
of diketcmucidine (XXIII or XXIV) excluded for many years linkage 
to 04, and during this period C-3 was favored by Leuohs, C-5 by 
Robinson.*** 



XXIIL DiketonuflMUne XXJV. Dikatcmuddixte 

(Old focinuU) (N«w fonnuk) 

Diketonucidine, an oxidation product of strychnidine (TV)* reacts 
with one mole of bromine (water) to give monobromodiketonucidine 
hydrate. It was believed that substitution of the active hydrogen a to 
the carbonyl group (XXIII) had taken place, and since C4 carried a 
hydrogen atom, the chain could not be attached to it. Independent 
studies of the bromination by these two investigators *•* have recently 
shown that the bromination probably involves addition of HOBr at the 
double bond (C- 8 , 015); (Uhydrodiketonucidine does not react with 
bromine. This new evidence makes 04 available as an attachment point 
for the two-carbon ch^ (as originally suggested by Menon and Robin- 
son in 1932).*** There is further strong evidence that this chain is at the 
d-position of the indole nucleus (4-position of strychnine) in the discovery 
that degradation of strychnine and some of its derivatives with strong 
alkali gives tryptamine.*** 

Hr-CHr-NHt 
H 

TrypiBndae 

Votnieine, C 22 H 2404 N 2 , resembles strychnine and brucine in some of 
its teactions, but cm hydrolysis yields the amino acid vomidinic acid 
(XXVI), which contains a new phenolic hydroxyl group. This phenolic 
hydroxyl is also gen^ted when vomicine is reduced to vomicidine by the 
eleetxolytic method.^ From reduction studies, and oxidative and p}m>- 

*** EktliOM and BobinwKi, J. Chun. Soe., 603 (1080) ; tieaohs and Qrunov, B»r., It, 
m : Letudia, n, 1688 (1030). 

*** Maison and RobiniKm, J. Chan. Boe., 780 (1032). 

*** Kfftalw, Pree. Imp, AMi, Tokyo, 18, 00 (1936) ; demo, J . Chan. 8oe., 1696 (1086). 
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lytic degradations, Wieland ** has developed the incomidete fotiaula 
XXV for vomidne. 



XXV. Vomieine 


0 CH, 



XXVI. Vomieanio add 


Strychnine, because of its extremely high toxicity, is widely used aa 
a pest exterminator. In therapeutic doses it acts to stimulate the res- 
piratory and vasomotor nerve centers; in larger amounts it acts on the 
spinal cord to cause high reflex irritability, involving all the muscles of 
the body. Convulsions or tetanus may result from the slightest stimulus, 
death usually following from respiratory exhaustion. Snicine has about 
one-eighth the toxicity of strychnine. 

Ergot Alkaloids.*® The mycelia of the fungus Clcanceps purpurea, 
from diseased rye and other Gramineae, constitute the important drug 
known as ergot. Ergot has yielded, in addition to such simple putrefac- 
tion bases as histamine, tyramine, cadaverine, and putrescine, a series of 
exceedingly complex alkaloids, whose structures have now been largely 
elucidated. The ten most important ergot bases are closely related, and 
may for the most part be discussed as a group. The longest known pair, 
ergotoxine * and eigotinine, CsaHsgOgNs, are isomeric and interconverti- 
ble. Ergotinine is transformed to ergotoxine by boiling alcoholic phos- 
phoric acid, and the reverse change takes place in boiling methanol or 
with acetic anhydride. Ergotamine, CssHasOaNg, and ergotaminine are 
similarly related. Eigonovine, C 19 H 23 O 2 N 3 , was discovered during the 
period 1932-1934 by four independent investigators, who proposed the 
names ergobasine, ergometrine, ergostetrine, and ergotocin. It is at 
present believed to be the most active constituent of ergot in oxytocic 
effect. Ergonovine is possibly accompanied by its isomer, ergometrinine, 
which is a transformation product. The most recently discovered pairs 
are ergosine and ergosinine,*** CaoHarOgNa, and ergocristine and ergo- 

Wieland and Homer, Atm., SS8, 78 (1938). 

*•* Barger, ‘‘Ergot and Ergotism,” Gurney and Jackson, London (1931). 

* Ergotoxine was long considered to be CuHt<0,Mt, but tbe psdr ai« now believed to 
be iaomerides; the discrepancy may be due to analytical difficulty, or to a firmly bound 
molecule of hydrate water. 

Smith and Timmis, J. C%em. See., 398 (1937). 
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crasixniQe/" CssHsoOsNs. The fact that ill each of tiliese pairs one mem- 
ber is physiolopcally active and levorotatory (ergotoxine, ergotamine, 
mgonovine, etc.), while the other member is relatively inert and strongly 
dextiorotstory, suggests that a amilar change of structure is involved in 
the reverable transformation of all the isomers. 

Tire members of the pairs show a tendency to crystallise together; 
the equimolecular mixture of ergosine and ergosinine was for some time 
thou^t to be a new alkaloid (‘'ergodavine”), as was that of ergotamine 
and ergotaminine (“sensibamme”). The nature of pseudoergotinine is 
still uncertain; it can be transformed to ergotinine, or to ergotoxine, 
and is possibly a mixture. 

Early work on the series consisted lai^ly of degradations so violent 
as to yield little information. From destructive distillation of ergotoxine 
or ergotinine, isobutyrylformamide (CH3)8CHCC>CONH2 was isolated. 
Oxidation with permanganate or nitric acid gave benzoic and p-nitro- 
benzoic adds respectively, and a tribadc add, Ci4HQOgN. 

The key to the structure of the ergot group lies in hydrolytic pro- 
cedures which are known to split amide or peptide linkages, viz. ; acid 
hydrolysis, alkaline hydrol3rsis, and sodium-butyl alcohol reduction.*®* 
Hydrolysis in aqueous alkali led to the isolation of lysergic acid, 
CieHisOgNg.*® Smith and Timmis then showed that ergine, a product 
previously isolated by them, was the amide of lyser^c acid.*® All the 
known alkaloids of ergot have yielded either lysergic add or ergine. The 
hydrolysis of the ergociistine pair has not been carried out. Lysergic 
add is the only group common to all the members, and the transforma- 
tions, and changes in physiological action, must be due to changes in the 
lysergic acid portion of the molecule. 

Extensive work on the hydrolyds of the ergot alkaloids indicates that 
they are probably constituted as follows: 

Ergotoane and ergotinine consist of d-lysergic and d-isolysergic adds 
reqsectively, in combination with d-proline, {-phenylalanine, and a- 
hy^xyvaline. The o-hydroxyvaline is not isolated as such, but in the 
form of its decomposition product, isobutyrylformic add (dimethylpyru- 
vic add). The presence of the dexiro form of proline, which occurs else- 
where in nature only in the levo form, is noteworthy. 

Ergotamine and ergotaminine contain a-hydroxyalanine (isolated as 
iqrravic add) m plaee of the o-bydroxyvaline ^ the preceding pair. 

n>StoU and Buroklwnlt, 2. Chen., SM, 1 (1037); SU, 287 (1038). 

Jasobs and Oa^ /. BtoL Chem., IM, 893 (1034) ; J. Am. Chem. Soe., 87, 383, 060 
a98tS); eiiiihlt and l&nia. /. Chen. 8oe., 763 (1032). 

Jao^ and On%, Jt BieL Chem., iM. 647 (1034). 

^ Badtlb and Timn^ J*. Chem. Soe,. 674 (103^. 
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Brgoeme and ergosmiae have, in addition to the lyseigiic acid portion, 
a-hydroxyalanine, d-proline, and Ueucine. 

Ergonovine and ergometrinine, the simplest of the group, are the 
hydroxsrisopropylamides of lysergic and isolysergic acids, and give d-2- 
aminopropanol on hydrolysis. 


CHi — CH* 

I 1 

CH, CHCOOH 

Xn/ 

H 

ProUna 

NH, 

CHr. I 

>CHCCOOH 

ch/ I 

OH 

o-Hydro^rvaliae 



H, 

X: 

I 


HCOOH 


NH, 

Pheaylalazilz^ 

NH, 

I 

CH,CCOOH 

I 

OH 

tf'Hydroxyalaniod 


/NH, 

(CH,),CHCH,CH< 

X300H 


LscudnA 


CRt. 

>CHCH,OH 

NH,/ 

2-AiniDOiiropaociI-l 


These amino acids, in the combinations mentioned above, are believed 
to be joined in amide linkages with each other and with the carboxylic 
acid group of lysergic or isolyser^c acid in the several alkaloids. A pro- 
posal,*®* for example, for the structure of ergotoxine is shown in I. Ergo- 
tinine differs only in containing an isolysergic acid group (see below) . 



Wth the identification of the amino add constituents, it is apparent 
that the constitutional question is essentially that of lyser^o add. This 

*•• Craig, Shedlovaky, Gould, and Jacob*, J. BM. Chtm., tU, 2S0 (1938). 
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add SI ^^licalljr actii-va, ooutedus aa N-^xiethyl g]mq;> but ao nustboxyl 
gnnips, flud is mouobade. It also foims stable salts witb one equivalent 
^ add. It eontains an redudble douUe bond, which must be near 
the laiboxyl group, for dihydrolysergic add is a weaker add, and loses 
carbon diodde with more difficulty than lyserpc add. The double bond 
must be involyed in the isomerism of the alkaloids, for dihydrolysergic 
add, like the dihydro alkaloids, cannot be isomeiized. Absorption spec- 
tra indicate that the unsaturated center is conjugated with the indole 
nucleus which is revealed in the form of a dimethylindole from alkali 
fusion of dihydrolsrserpc add.*” 

In earlier speculations, these considerations, as well as the probable 
biogenetio relationship of lyserpc add to tryptophan, led to the proposal 
of a 4-carboline (see p. 1228) type formula for lysergic add. Syntibetic 
analogs of the proposed formula, however, gave no color test *“ with 
dimethylaminobenzaldehyde, and the 4-carboline formula is also incapa- 
ble of explaining the appearance of l-methyl-5-aminonaphthalene (II) in 
alkali fusion of dihydrolysergic add. 

The trihasic add C^HgOgN, obtained from nitric add oxidation of 
ergotinine or lyserpc add, yields quinoline on soda-lime distillation, and 
appears to be an N-methylquinoliniumbetainetricarboxylic add, for 
which III is a possible formula. 

coo- 



These facts led Jacobs and Craig to advance two formulas for lyserpo 
add, in which the chief uncertainty was the podtions of the carboxylic 
add group and of the double bond.*” Later evidence on the location 
of these features resulted in formulas IV and V for lysergic add and 
^iysetg^c add respectively.*” 

Cleavage of ring S at 1,2 and 2,3 and of ring D at 5,6 and 8,9 accounts 
for the l-methyL5-aminonaphthal^e, and oxidative cleavage of rings 
A and B explains the formation of the add III. 

M* JMCtfas and C^. ibiA, m Tin (103»). 

aad Craig. SdfaMW. SI, 421 (1935). 

*” jMOb» Wild Cnkkl, /. BM. lU. 237 (1988). 
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rV. Lyiergio add 



V. bolynrgie add 


The Double Bond. The basic skeleton for lysei^c add is supported 
by the synthesis of 6,8-dimethylergoIiDe (racemic) VI, which is, except 
for optical properties, practically identical with a base prepared from 
dihydrolyserpc acid (by reduction of VII).™ 



VI 


Accepting this skeleton, the only possible positions for the double 
bond are (4,5), (5,10), and (10,9), for (9,8) and (8,7) are not in conjuga- 
tion with the indole nucleus. The (4,5)(5,10) podtioiis for the isomeric 
acids would place the unsaturation equidistant from the bade group in 
the isomers, which is not in accord with evidence derived from di^oda- 
tion constants. These indicate that in ergometrinine the double bond 
must be further from nitrogen than in ergonovine, a condition met only 
by the 10,9-podtion for isolyser^c, and the 5,10-podtion for lyser^c 
acid (formulas IV and V). 

The Caiboxylic Add Group. To account for the quinolinebetaine- 
carboxylic acid, and for the optical activity, the carbo^lic group can 
occupy only podtions 4, 9, 8, or 7. Of these, 9 seems^liminated, dnoe 
shift of the double bond from 5,10 to 10,9 should cause racemization. 
Podtion 4 would make dihydrolyser^c acid a substituted indoleaoetic 
acid, which does not accord with its relative stability towards loss of 
carbon diodde on pyrolyds. Of 7 and 8, the latter is favored by a study 
of dissociation constants. Further evidence is foimd in the pyrdyds of 
dihydrolyser^o add, which yields a non-badc, unsaturated oompound, 

»■> Jacobs wad Oould, ibid., m, (ieS9). 
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be^erod to be s oy#c anode as shown in part-fomula VII. It is known 
^t #«iDino acids, in contrast to o-anuno adds, decompose into un- 
satoated adds and ammonia. The analogous behavior of dihydrolyser- 
^ acid points to the / 3 -amino structure. 



Hie partial S3mthesis of ergonovine and its isomer ergometrinine 
confirms the concepts concerning the isomerism of the ergot alkaloids. 
Hydrolysis of the ergot alkaloids with hydrasine hydrate proceeds with 
isomerisation and racemization, to give racemic isolysergic add hydra- 
dde. Coodensation of this with d- 2 -aniinopropanol-l gave a mixture 
of d-isolyser^c-d-isoptopanolamide and i-isolysergio-ddsopropanolamide. 
Hie former is ergometrinine. By isomerization of the mixed isolysergic- 
^propanolamidea with add, the corresponding mixed d,d- and l,d- 
lyBerpdsopropanolamides were obtdned, of which d-lyserpc-d-isopro- 
panolamide was identical with ergonovine. 

Eigotonne, ergotamine, and ergonovine are characterized by their 
vasoconstrictor action and their jxiwer to cause a gangrenous condition 
of the type observed in the gangrene epidemics (ergotism, St. Anthony’s 
fire) known since the Middle Ages to result from the consumption of 
bread made with diseased rye. 

DODAZOLB AJID QUIHAZOLIKE ALKALOIDS: FlLOCARPDtB 
AND VASICINE 

Jaborandi Alkaloids. The leaves of Ptlocarpm jahorandi contain 
several related alkaloids, of which pilocarpine, CaHi603N2, is the most 
important. This alkaloid was shown in the early work of Jowett and of 
Pinner to be a mono-add tertiary base contmning a lactone group and 
an imidazole nucleus, but only in recent years has its structure been con- 
ohiravely demonstrated. 

C»Hr-CH CH-CHj— C N-CH, 

II M 

O-C CH* HC CH 

\y/ \ n / 

and Bobmak, Z. pkynoL Chem., til, US (1«3S); tSO, 7 (1087). 

J. atm, Son., as, 4SS (1003) ; I^iuiar Mul Sdnran, Ztr,, SS, 100, 0241 (1002) 
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Hlocarpine undergoes isomerization with ease to yirid isofxloinrpine, 
a base that also occurs in jaborandi, and that has served for mudi of the 
stanictwal investigation. The arrangement of the two niti‘(^n atcnns is 
indicated by the appearance of methylurea in oxidations. By distilla- 
tion of either base with soda-lime, 1-methylimidazole, 1,5-dimethylimidaF 
zole, and l-methyl-5>amylimidazole are obtained. 


NHCH, 

I 

CO 

H, 

Methylurea 


CH*(CH,)eC NCH, 

II I 

HC CH 

\n/ 

l*Methyl-5‘^i*aLmyl t mMitKoln 


CH,C NCH, 

11 1 

HC CH 

\n/ 

liS-Dimethyliinirieiote 


As fragments from the nitrogen-free portion of isopilocarpine, Jowett, 
by permanganate oxidation, obtained isopilopic and homoisopilopic 
acids: * the same acids likewise appear in oxidations of pilocarpine as 


a result of rearrangement. 

C,H6-CH — CH-COOH 

I I 

0=C CH, 

N)/ 

n. Iwpilopic acid 


C,H,— CH CH-CHKX)OH 

I I 

0==C CH, 

N/ 

in. Homaiw^lopio add 


C,H,-CH CH CH, 

I 1 I 

COOH COOH COOH 

IV. EthyltrioarballyUc Add 


The constitution of homoisopilopic acid is deduced from the transfor- 
mation to ethyltricarballylic acid by alkali fusion. Chichibabin and 
Preobrashenski demonstrated the structure of isopilopic acid by syn- 
thesis, and prepared the diastereoisomeric pilopic acid corresponding to 
the nitrogen-free portion of pilocarpine. Pilopic acid undergoes rear- 
rangement with extreme ease to isopilopic acid, so that the latter is 
always obtained from pilocarpine oxidation. By ozonolysis of pilocar- 
pine and isopilocarpine, isomeric homopilopic add amides are obtained, 
showing that the two alkaloids differ only in the stereochemical arrange- 
ment of this part of the molecule.™ 

The synthesis of pilocarpine and isopilocarpine was accom plishe d in 

Akabori and Nuoumo, Ber., M, 1S9 (1933). 

* Originidly deaignuted m pilopic and bomopHopio »eids. 
m CStibbibslda and PraolMradiendd, Bar., 63, 460 (1030). 
i» Laacanbeek, Bar., 67, 2072 (1924). 
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RBobrarfwmaki^” d-Hbmdaoi^opyi ohtoriite was txmverted by 
the djaiomethane reaction to ohloromethyl homdsopUopyl ketone (V). 
By Oab^'a reaction, V yielded tiie oorreq>onding amiatHnetiiyl ietone, 
on nddeh the imidaiirfe nucleus was buUt by heating with iK>tasnum 
tUocyanate. Trestinrait of the resulting mercapto-isoi^oeatpidine with 
ferric diloride gave ssopilooarpidine (an isomerisation product of the 
jaborandi alkaloid piiocarpidine), which on methylation }ririded isopilo- 
caijane. Pilocarpine was prepared amilarly starting from d*homopilopic 
add. 


CJE[,-CH CH-CH,CO 


C,Hr-CH CH-CHr-C- 


-NH 


» Amine - 


V. CaiaroDathTl kcanida^dapgd katana 


VI. Manapto-laoliOoeaipidine 


•CSH 


C,Ht— C H " 'OH-~CiHr 


"NH Cs 5 r~*' 0 H~~ "'CH — CHr"-0- 


-N-CH, 




Vn. laopOoeamidint 
CPiloatrsidiDa) 


I. laopSocarpiiia 
(PUooartaaa) 


PUocarpine acts on the nerve endings of the secretory cells, causing 
increased secieticm of sweat, saliva, and tears. It b used as a diaphoretic, 
and in optical surgery to cause myods and to reduce intraocular pressure. 

Vasidne. Vasicine, also known as p^anine, was first found in the 
Himalayan plant Adhatoda vasica, and was later isolated from the mother 
liquors from preparation of the harmala alkaloids. Adhatoda b used in 
India as a fish poison, insecticide, and for the relief of asthma. Although 
vasicine contains an asymmetric carbon atom, it b optically inactive. 
Thb phenomenon b encountered rarely in the alkaloid series, and in 
varicine the inactive base b formed by racemisation during the isolation 
of tiie alkaloid. In the plant the base exists in the leva form. 

The presence of the quinasoline grouping in vasicine, C11H13ON2, 
was shown by gentle oxidation with permanganate, which resulted 
in 4 'keto^, 4 riihydroquinazolyl- 3 *«oetic acid (II). In this product, 
OioHsOsIVg, only one of the vasicine carbon atoms b missing; thb 





vs 

a ^CH,COOH 


>»Pmolmdt«iddai4«»WMlEafaAw..M.ll^^ 11.80. 847.860(1036); 

m, 1314, 1836 (tSSO). 
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carlxm atom must carry a group that makes it espedally miseeptible to 
oxidation. It b indeed the seat of the alcoholic hydroxyl group, whose 
presence can be shown by gentle acetybtion, by the Zerewitinoff reac- 
tion (p. 500), and by the chlorination and reduction procedure that leads 
to desoxyvasioine (pegene-9) (VI). 

The structure of II was easOy established by synthesis. For the 
attachment of the three-carbon chain, one end of which b certainly 
linked to the 11-position, only C-8 or C-10 comes into question. Thb 
uncertainty was removed by the synthesis of desoxyvasiane.*” o-Ni- 
trobenzyl chloride was condensed with methyl 4-aminobutyrate to the 
P 3 UTolidone (IV), which was reduced to the amino derivative (V) and 
treated with phosphorus oxychloride to close the quinazoline ring. 


a 


CH,C1 


H,N- 


NOj 


-CH, 

CH,OOC\^yCH, 

C* 

H, 

m 




H, 

^N- 


3H, 




H, 


H, 


N CH, 

H, 

IV 


H, 



The alcoholic hydroxyl group of vasicine might be located at posi- 
tions -2, -3, or -8, the first two being the more probable. The decision 
in favor of position -3 was reached throu^ Spath’s vasidne synth^b, 
which proceeded like that of desoxyvasicine (formulas III to VI, OH 
at the starred carbon atom). o-Nitrobenxyl chloride was condensed with 
4-amino-2-hydroxybutyric add methyl ester to the pyrrolidcoie. On 
reduction of the nitro group, spontaneous ring dosure took place to g^ve 
vasicine.'™ 

In confirmation of considerations on the possible mode of the phyto- 
chemical synthesb of vasidne, Sohdpf has prepared desoxyvasidne under 
physiological conditions (p. 1256). 

m SpSth, Kuffner, and Platser, Ber., M, 497 (1936) ; Hanford and Adaxoa, J. Am. 
Chem. Soe„ 87, 921 (1936). 

Sp&th, Kiiffaer, and Flataar, Ber,, M, C99 (1986). 
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BIOOBHBSIS OF TBE ALKALOIDS 

One of the most striking characteristics of an alkaloid-bearing plant 
is its capacity to produce a number of closely related bases. Examina- 
tk>a of any of the series of alkaloids described under various nuclear 
groups in the preceding pages inevitably su^ests that the plant, with 
its preSminent synthetic ability, has built up such a series from a common 
{uirent substance through condensations, metbylation, decarboxylation, 
and oxidation and reduction reactions. This idea was first suggested 
early in this century by Pictet and by Willst&tter, and was put into defi- 
nite form by Winterstein and Trier (1910) and particularly by Robinson 
(1917).!" 

The amino acids (p. 1079), or their transformation products, the amino 
aldehydes and amines, with formaldehyde, formic acid, and methanol, 
imdoubtedly are the chief building units for the 83 nQthesi 8 of alkaloids. 
The nearer the alkaloid to the parent substance in structure, the more 
widely it wiU be found distributed in plants. Hordenine, first found in 
sprouted barley, probably is formed by N-methylation of tyrosine, and 
its appearance in the entirely unrelated Anhalanium cactus (anhaline, 
p. li^) is not surprising. Arabine and loturine are identical with bar- 
man, the framework of the harmala alkaloids. The close relationship 
of harman to tr 3 rptophan or tryptamine accounts plausibly for the 
presence of the harman grouping in three imrelated plant families. 


H, 




Individual species or families, on the other hand, may possess a char- 
acteristic alnlity to cause condensations and ring enlar^ments leading 
to the syntheris of alkaloids peculiar to the species. 

The first e:q)eiimental demonstration of the simplirity of method by 
which the plant may synthesize alkalmd structures was Robiitson's con- 
dmisation oi suceime aldehyde and methylanune with acetonedicar* 
boxylic acid (p. 1197). This pioneering experiment stands out in sharp 
oantzast to the iavolved and laborious synthee^ of tropinone by the 
classical laboratoiy methods, and itfumuh^ the stimulus for the present 
activity in alkak^ ^theris under approximated phyridlogifial oondi- 
tiOBS. 

«* Bofatanoa. /. ClUm. Ut, 870 (1817). 



ALKALCSDS 


1253 


According to Sehdpf,'*’ syntbeds in the plant cell may take place 
with participation of specific enzyme systems, adapted to the productic«n 
of one definite substance, as for example the synthesis of starch from 
carbon dioxide; or unspecific enzymes may take part, sudi enzymes as 
have a general function, as decarboxylation, hydrogenation, dehydrogen- 
ation, and oxidation; or finally, natural products, or the intermediate 
from which they are derived, may be formed without the partidpation 
of enzymes, when suffidently reactive units arise togethm' in the course 
of cell metabolism. This last case is susceptible of study in the labora- 
tory. Essential conditions to be observed are hydrogbn-ion concen- 
trations and temperatures comparable to those under which the plant 
works, as well as the use of starting materials that the plant may be 
expected to have available. 

There can be no doubt as to the ability of the plant to reduce ketone 
groups and to accomplish esterification, so that the question of the 
phytochemical synthesis of the alkaloids of the belladonna group, the 
tropine derivatives, is largely that of the synthesis of tropinone. Suc- 
cinic aldehyde (from degradation of ornithine), methylamine, and ace- 
tonedicarboxylic add are all cell-possible substances, but Robinson's 
synthesis is open to objections, because the condensation leading to 
tropinonedicarboxylic acid was carried out in strongly alkaline solution, 
and the subsequent decarboxylation required phjrsiologjcally imposdble 
conditions. When, however, the condensation is accomplished in buf- 
fered solution (0.04 molar) between pH 3 and pH 11 at 25°, spontaneous 
decarboxylation takes place, and tropinone is obtained in excellent yields. 
The same mechanism may be imagined to operate in the formation of 
pseudopelletierine (p. 1182), the ring homolog of tropinone, in the plant. 
Here glutaric aldehyde, conceivably arisiag in the cell from the degrada- 
tion of lysine, NH 2 CH 2 CH 2 CH 2 CH 2 CH(COOH)NH 2 , takes the place of 
succinic aldehyde. By condensing glutaric aldehyde with methylamine 
and acetonedicarboxylic add in solutions buffered to pH 7 at 25°, S<didpf 
was able to prepare pseudopelletierine in nearly quantitative yield.*“ 
The cocaine types, derived from ecgonine, demand the retention 
one carboxyl group during the condensation. This, also, can be accom- 
plished under ph 3 ^olo 9 cally possible conditions (pH 5), if the mono- 
methyl ester of acetonedicarboxylic add is used. 

CHi— CHO CH,C(XX3H, CHj-CH CHCOOCHi 

I I I 

HiNCHs + CO NCH, CO 

CH*— CHO cH,cooH cH,— A h — - ini 

Sohdpf. 4nn.. 497 , 1 (1932). 

SchSpf Mul I^hittiinn, A«m., AM, 1 (1981$). 
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'lltodkaldds OQoitainkigaquuu^ nudeas otmld reaaonaUy be sop* 
posed to be fonned tiitoui^ a Fiiedl&oder eyntbeas, ooodraisation of 
o-aadnobeazalddbyde mth ketoi^. The oxidatum product of <mubJjio- 
braunldehyde, naxcely anthraniKc add, is found frequently in nature, 
and is observed as a cbgradation product from trjqitophan in the animal 
body. Methyl hetcmes are present in many ethereal oils. The Fried- 
lSa(to oondoisation, which would lead to the quinoline dkaloids of the 
angostura lype, proceeds, however, only in alkaline solution, at pH 
11-12. The Inoeynthesis the quinoline group appears to have its 
starting point in substances that may be r^arded as the progenitors of 
Uie methyl ketones, namely the d-keto adds. The syntbesLe of one of 
tbe memb^ the angostirra alkaloids (p. 120S) illustrates this suf- 
fidently. Condensation of very dilute solutions of o-aminobensaldehyde 
and (aquo^aoetic add at 25° and pH 7-9 resulted in an excellent yield 
of a-rt'am^quinotine.'** 

H 




HO CHiCOOH 






>NH, OC(CH,)<CHi 




+ CO* + 2HiO 


The substituted phen^dethylamin^ have long been considered as the 
probable parent substances of the extendve group of isoquinoline alka- 
loids. Most of these alkaloids cany groups in the 5 and 6 podtions and 
mi^t be formed from condensation of the appropriate aldehyde with 
the dihydroxyphenylethylamiiie (I), arising from degradation of dihy- 
droxyphenylalaniDe. The reaction with acetaldehyde, for example, takes 
place read% at ordinary temperatures in the pH range 3^5, to give the 


H, 



CH* 

I 



tetiabydnnsoquindhne derivative (II), wfaidi is a demethylated mialcq; 
of tile alkahrids and salsoline.*" 

The fact that eamei^e and salsoline occur naturally as tiie racemic 
foitDs makes it seem imdbable that they are ayntimsised in a similar wayi 

and Mten«aa, Ann., IST, 7 (1932), 
fWSabMaDdBaywia Atm., aU, 190(1884). 
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aod not imdor the infhiraoe of encymra. The condeneatioai under 
(logical conditions has been extended by Hahn to the syntheos of 
b^isylisoquinoline bases of the laudanosine t 3 rpe.^ 

For the ever-increasing group of alkalcads containing the indole no* 
deus, the building unit must be tiyptamine, derived from tryptophan by 
decarboxylation. In this series, too, the mechanism been subjected 
to (hrect investigation. Tryptamine reacts with acetaldehyde at ordi- 
nary temperatures, and at pH 6-7, to pve tetrahydroharm^** 



The reaction does not proceed satisfactorily vith more complicated alde- 
hydes, but succeeds with ce-keto adds, which are probably the biochemi- 
progenitors of the aldehydes. It is interesting to note that the 
condensation is accelerated markedly by sunlight. The problem of de- 
carboxylation under physiolopcal conditions of the condensation prod- 
ucts from the ccketo adds has not been solved, but Hahn has used the 
method for the synthesis of the complicated skeleton present in the 
yohimbine group.‘“ 

The synthetic methods outlined above have recently been applied to 
the construction of another complex nudeus, that of vasicine (HI). The 
quinazoline system present in vasicine may be imaged as arising from 
interaction of o-aminobenzaldehyde and a-hydroxy- 7 -aminobutyialde- 


Hi Hi 



TTT. Vaiioiiie IV. DtHnyraaiaiiu 

hyde, followed by isomeiization and shift of two hydrogen atoms. Un- 
fortunately, o-hydroxy-r-aminobutyraldehyde is not known, but y-mDr 
inobutyraldehyde, in the form of the diethylaoetal, is available, and the 
synthesis of desoxyvaddne (lY) by the use of this aminoalddiyde malEes 
the above hypoUiesis of the tuogeoeds of vaddne seem reasonabte. 

>mh^ and SoImIm, £«r.. W, 24 (lOSfi). 

U* Hahn and I^idawig. Btr^ *7, 2031 (1934). 
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Da dilute solutioa, at pB, 5, Y<«mmobatyraldeby(iediethylaoetal un- 
raind hydroly^ and the liberated aldehyde condenses with 
o^aminobenzaldehyde to the pseudo-base V. The pseudo-base isomerises 
to tile colored quatemaiy ammonium base VI, in which a shift of two 
hydrogen atoms to the guinasoline formula of desoxyvasidne takes place 
under the influence of i^adium and hydrogen. 



HiN— CH, 

H, 



T. FMDdolwM 


H 



H, 



If this process represents the biosynthetic course of vasicine formation, 
the last step, hydrogen shift, probably takes place in the plant through 
the action of enzymes.** 

Severn other syntheses under dmiiar conditions, as for example that 
of hsngrine and of lobelanine,*** have been accomplished. Attempts to 
verify inviting theoretical relationships through oxidation or dehydro- 
genation reactions have not been successful. The conversion of hygrine 
to tropinone, which might be expected to proceed as follows, failed : 


CHr-CH CH, 

1 i 

NCH, CO 

I I 

CH,-CH, CH, 


CHr-CH CH, 

I i 

NCH, CO -♦ 

I I 

CHr-CHOH CH, 


HycriM Hypothatioal iatemadi>t« 


CH,— CH CH, 

I I 

NCH, CO 

I , I 

CHr-CH CH, 

Troi^aoiM 


The formal relationship existing between alkaloids of the benzylisoquino- 
liue type and those of the aporphine or morphine series, as for example 
laudamMine and i^udne, has led to fruitless attempts to establish the 
tniwang linkage in audi types. 

>* SdiSDr aad OMhlwr, Ana.. W. 1 (1936). 

** AobiiMoa, /. (Sum. See., 1079 (1936). 
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CH, 


CH* 


N— CH, 
H,H/ \ 


N—CH, 
H,H/ \ 



Laud&nocma 


Olaiaoiitt 


The hyi>otheticaI progenitor of Uie sinomenine series, protosinomemne, 
has been synthesized, and experiments on its conversion to sinomenine 
are in progress.*” 



In spite of the disappointments mentioned, the success of the bio- 
synthetic methods described is inspiring. It can be predicted that, with 
refinements of technique and choice of more suitable reactants, syntheses 
of this type can be extended to afiord a great deal of additional informa- 
tion on the probable mechanism of formation of the alkaloids in the plant. 
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OBOANIC CHEMIffTRT 


INTRODUCtlON 

Hemo^obin and chlorophyll are, perhaps, the most important pig- 
ments in the economic of the higher animals, including man. Chloro- 
phyll acts as an intermediaiy in the fixation of the sun’s energy in the 
process of photo^mtheds ^ and is, consequently, responsible ultimately 
for all our food and most of our heat and power. The efficiency of 
hemo^obin as a transporter of oxjrgen, as well as its versatility in being 
dso a transporter of part of the carbon dioxide formed by combustion 
processes in the body, make possible the effident mechanical perform- 
ance of the higher animals.^ 

Hemc^obin is a conjugated protein made up of heme, a complex of 
protoporphyrin and ferrous iron,* and globin,* a water^luble, slightly 
basic protein, in the proportion ® of 1 part of heme, molecular weight 616, 
to 26 parts of globin. It is interesting to note that no base of known 
structure has yet been discovered which will form a complex with heme 
and at the same time confer upwn the heme the property of combining 
reversibly with oxygen in the manner of hemoglobin.* 

Catalase^ is another conjugated protein which contains the same 
heme as hemoglobin, combined with a different protein. Catalase has 
the property of converting hydrogen peroxide to water and oxygen, and 
it is presumably because of this that hydrograi peroxide bubbles when 
poured on a wound. It does not possess the property of combining 
reversibly with oxygen, as does hemoglobin, tuid, conversely, hemo- 
globin does not possess the property of destroying hydrogen peroxide 
except to an extremely limited degree. These two examples illustrate 
the point that the physiological activity of iron-porphyrin complexes is 
hugely determined by the nature of the constituent base.* Chlorophyll, 
at least as isolated, contains no protein and has as its metallic con- 
stituent magnesium instead of iron. Its dm>mopboric group is also 

* See Gaffron, '‘CSienucal AiqMcta of Pbotoeyntheeis," Ann. Ret. Biochan., 8, 483-602 

(im). 

* Pw a review of the Uteniure on tfaie subject see Peters mad Van ^yke, “Quantitative 
CSinteal Cbemistiy,” WiUiainsand Wilkias, ^timore (1931), Vol. 1, Chapter XII, p. SIS. 

' Ctmant, /. BM, Chem., S7, 401(1923) ; see also Conant and Tongbe^. ibid., 88, 733 
(1930). 

* i^faortson, arid., 13, 466 (1913) ; for a review see Anson and Mirskp, “Hemoglobin, 
the Beme Pigmente and (Ddlolar RespiratioB,'’ Phenol. Re*., 10, 600-49 (1930). 

*Cbfaa, Hendiy, gnd Prentiaa, J. Bui. Ch*m., 88, 721 (1926). 

* See 17. M. Owk, "Potentaometiio and Specttophotcmietiie Studies of Metalic^ioi^ 
Ilbyiimi ia Cooniiiiation witit Nitrogenous Bases,’* CM Sprini Harbor SympoHa on Qum- 
mme Bioion, T, 13 (1939). 

* Siinmw and Domes, /. Sid. Chttn,, 137, 439-47 (1939}- 

* Bamm. Physiol. Re*., If. 184 (1939) ; Warbuiv. Hrftb. Bntvm/oroeh., 7. 240-43 (im) . 
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modified from a porphyrin to a chloiin, ae will be detailed in the sue* 
oeeding chapter, resulting in the green color characteristic of leaves. 

Fortunately, the chemistry of the porphyrin constituents of these 
complexes is now well understood, owing mainly to the resem^es of 
W. Ktister, R. Willstfi.tter, and Etms Fischer and their collaborators. 
The first part of this chapter will be devoted to recounting the organic 
chemical work which led to the elucidation of the structure of hemin, 
the ferric iron-porphyrin complex obtained in crystalline form when 
hemt^obin is broken down in the presence of sodium chloride and acetic 
add.® 

SmtVET OF THE DEGRASATIOHS OF HElflN 

Hemin was first crystallized, under the miscroscope, by Teichmann 
in 1853.“ Hoppe-Seyler undertook large-scale preparation of the ma- 
terial for chemical study in 1868.“ He prepared the first porphyrin in 
1871 “ and by his degradations at that time inferred the relationship of 
hemin to pyrrole." The complete synthesis of hemin was described by 
Fischer and Zeile in 1929,“ The structure finally established by this 
synthesis is as follows: * 



Fig. 1. — Hemin. 


' Scbalfejeff, J- Rut». Chem. Soc., 30 (1886) ; Nencki and Zalesld, Z. phytioL Chem., 30, 
300 (1900) ; aee alao Fiseber^Srth, "Die Chemie dea Pyrrola,'’ Akad. Veriac., Laipiig 
(1937). Bd. U, 1 HUfte, p. 377. 

“ Tcjohmaitik, Z. ration. Med., N.F. 3, 375 (1353). 

“ Hoppe-Saylor, Med. Chem. Uniemchungen, S, 370 (1368). 

“/«d.,4.540 (1871), 
uibid,, 4, 534 (1871). 

“ Fiaehar and Zi^e, Ann., 463, 114 (1920). 

'* The diatributioa of the double bond* in the formula, which muat be resarded aa a 
oonvantionaliaed abbreviation of a complex reBonating ayatem, will be diacuaaed later. 
The adection of two bonds as semi-polar is aa arbitrary convention. It is even poanble 
that the ehlorina is not ionised, as represented, but raaemUes more eiossiy the bindisg in 
feniB ddoiida. In this formula and all othwa which follow, the four oarbons (A the pyrrole 
rings wffl be rmneaentad bv four of the comers of a pentagon but the idtxagen wiE ba 
writtsniii. 
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COOH 


H(XXX3HiO»-MXJ»H*, CHiO==C— CH— CH* CHiC^^CCajCHiOOOH 
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0-C 0-0 O-C 0-0 0-»C 0-0 
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NH NH NH 


XI 


III 


IV 


Fia. 3 


Upon oxidation, hematinic acid yielded succinic acid. This excluded 
formulas II and III and presented a reasonaUe formula IV as a basis fmr 
further structural deductions. Hematinic add has been synthesized ^ 
by a aeries of reactions strictly analogous to those died above for meriiyl- 
ethylmaleimide. 

Nencki discovered that hydrogen iodide was capaUe of cleaving 
hemin to give a mixture of p3nTole derivatives. This mixture was 
worked over by Nencki, Willk&tter, KQster, Knorr, Marchlewski, 
Piloty, H. Fischer, mid others, and, in all, “ eight pyrrole derivatives 
were isolated. These were; 



HasopjrrroU K i/ptoun i u l* 

V VI 



O inuw iii u le Fh;Oopyin)b 

vu vm 


CH|n "TiOHiCHiCOOH 

H 


Hamoranroi*'. 
OkrboQiis AcU 
IX 


X! 


|CH*CH*COOH 

€H, 



X 



H XH 

Fio.4 


*• K— "W rad 8ii^, Arch. tapO. PatA. PAorm., IS, 418 (1884); NouU rad Zdadd, 
Str^ 8A, lOOa (1901). 

** For • -imiMtiftw of tiw iiterotui* on tte hrmoigmolM op to 1914 mo PSo^, Stools 
rad Bonnun, Ann., 4M, 843 (1914) 
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Modem pyrrdb ^Uieaes of '(^ue in establishing the stmctuie of 
the blood ingnomt st^n fr<nn the studies made on the condensations 
of acetoacetio est^ by Enoir in 1886.*^ Knorr found that isonitroso- 
aoetoaoetic ester could be reduced and condensed with acetoacetiG ester 
in the same reaction mixture. In 1910** Piloty discovered that tiie 
reduction product could be isolated in the form of its hydrochloride 
and then condensed later by slow neutralization in the presence of 
acetoacetio ester. These reactions are sketched below: 

CHiCOCHiCOOCiH, + HNO, -» 

CHiCOCCOOCjH* + Zn + Ha -» CH,COCHC!OOC»H6 

II 1 

NOH NH,+a- 

CH,CW) H,a300C,H, ^ CHfcj pCOOCjHj 

CiHiOOCCH 0=CCH, CiHjOOCkN-JcH, 

\nh, “ 

xni XIV 

Fio. 6 

Pyrrole XIV was shown by analysis to have the composition 
Ct»Hi 704 N.“ Hydrolysis gave a dibasic acid, CgHjOiN, XV, showing 
the loss of two ethyl groups. This acid, on heating, readily lost two 
moles of carbon dioxide, giving a pyrrole derivative, CsHoN, XVI. On 
oxidation ,with chromic acid ^ this ^ve dtrsconic imide, XVII, which 
had been syntbeazed much etulier.** The degradations of pyrrole XIV 
are formulated below: 



CKnaeais iatid* 

XVI xvn 

Fla. ft 

m, 917 aSSS). 

(isid. 

**fla)B(iwr and OftiliiftM, daw. Aim. Hal,, SS I, AOS (100^. 
wd PMiiMMlt. ibUu u. soo (1M9. 
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From the infonnatioa given above it will be seen that the stnictuie 
of Knorr’s pyrrole, XTV, as a derivative of 2,4<fimethylpyiTole is estab- 
blished. The synthesiB excludes 2,3- as a poeribility. The ondaticm 
excludes 3,4- as well as 2,5- or any ethylpyrrole derivative. 

Although some of the structures involved had been established earlier 
by independent methods, perhaps the most eluant method used to 
establish the constitution of the basic cleavt^e products of bmiin was 
based on a discovery made by Fischer and Bartholomaus ** in 1912 that 
pyrroles could be alkylated by autoclave reactions with sodium alcohoF 
ates. This reaction goes preferentially in the a-podtion but may be 
forced in the ^podiion by raising the temperature. The interrelation- 
ships worked out by Fischer are pven bdow: 



CHjn nC*H» N»OCH, CH»n j|CsH( 

ch,iLnJh ^ cm'kNJcH, 

H H 

Hemopyrrolft PhyBopyrrolo 

v vai 

Fia.7 


Reactions (1) and (2) show that kryptopsTTole is a derivative of 
2,4-dimethylpyrrole. Reaction (3) shows that it is the 3-ethyl derivar 
live, not the 5-ethyl derivative. R«iction (4) shows that phyllopyrrole 
has the free S-^xjdtion of kryptopyrrole filled by a methyl group. Re- 
action (5) shows rimt hemopyrrole is directly related to phyllopyrrole 
and must therefore be the 4,5-dimethyl-3-ethyl (2,3-dimethjd-4-ethyl) 
derivative of pyrrole. Reactions (6) and (7) confirm the presence of 
jS-methyl and ethyl groups. 

*• Itsdwr Kod B«rtholoro*u«. 486 
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Aa the '^rpe sQmthem used in pr^wriog these 8ub- 

stMwaB t»e may pro preparatioa of kryptopyrroie. This was syn- 
iheeised from acetylaoetone, XVIII, by the f<dlowing series of leactimis: 
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The acetylpyrrole so obtained, XDC,* was subjected to the Wolff- 
IQshner method of reduction, which is specific for carbonyl groups.®*' ” 
The 5-carbetho^ group was hydrolysed and decarboj^lated by the 
excess alooholate necessary for the reaction. 
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“ 1 ^ + NaOC.H. 
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Kryptopyrroie 

VI 


THE STK0CTDEE8 OF THE AODIC CLEAVAOB PRODUCTS OP HBMDf 


The structures of the corresponding pyrrole carbojylic adds IX, X, 
XI, and XII were {moved by ondaticm to hematinic add, IV, and by 
decaibojyla^ to the cOTresprmding pyrroles," whose structures had 
beea (fetenoined previously. In the course of Ihe succeeding 
Mapendeat ^tlKses which fully oonfinned the etructvma 
lietu wodnd wit tor ell these substancea. In the devdopmwit which 
^dUiPWS ft few ty^fial syntheses of these compounds will he s ke tched as 
a' thA peed arises foc the use of the subsisnoes in sucoeedhogcondmisations. 



. Xtwnr sad Hms, Sv., M, 27&6 (1811), 

: , "fliAw, Wiwmitnw, Rtodl, Aim., SH. ass (1889). 
. "FBotp, BkMk, and Dgnnum. Aim^ M, 845 (18149. 
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THE ETBECTDltES or DlPTSXnjfE^^ 

In 1015 Hsch^^ showed that the bromination of krjrptopyrrole 
or of hmopyrrole gave (Upyrrylmethenes, and in 1026** Bsdter and 
Klarer found that these gave poiph^riins on heating with add. Since 
most porphyrins are made from dipynyhnethenes, the structures cS the 
methenes must be estahlished beyotMl doubt. The product obtained by 
the bromination of kryptopyrrole is chosen as an example, since con- 
siderable effort has been expended to establish its structure. 

A careful investigation of the substance obtained by the bromination 
of kryptopyrrole showed that it was a mixture of at least two com- 
potmds: ** 



Fra. 10 

Either of these substances on treatm^t with add yielded a por- 
phyrin. When the extra bromine of the perbromide XX was removed, 
however, the resulting methene 

CH,n nC,H» CH,f==5C,H. 

Br‘LNJ--<^H=kN*^CH, 

H H+Bi- 

xxu 

Fro. II 

was not capable of giving porphyrin upon identical treatanmt. This 
sui^sted that the ability of methene XX to give porphyrin was con- 
ditional upon its ability to be further brominated by its perinromide 
bromine to methene XXI. It should be noted that the podtion of the 
extra brooune in compound XXl has never been estabhabed UTffiqjdivo- 
caUy, but for the sake of gereral owjsistency with known pynbte leae- 
tirmif and with the absence of bromine in the porphyrins fotm^ from 

• FMhw, aUibtr. m«A. nabirui. AbL hater. Aiad. Wite. Mibieken, 412 (191Q. 

• Fiaclw aad KIwWi Aan., 448, 188 (1926). , *« . • _ 

« FtedHw, nod EiedI, 428, 216-236 (1929) ! .lioKwk^r MdKimBMffl. 

Anun «n, 277 (1929). 
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imd eomSar netbet^ it is formulated as b^&g upon the oKinethjrl 
group. Metbme XXII can be brominated to XXI, and the extra 
brcHQ^e can be removed br mild treatment with hydrogen iodide. 
&ioe this interconversion is pcssible, we shall concern ourselves only 
with the i»oof of the structure of methene XXII. 

Initially," the formulation of methene XXII was assigned because 
of the products obt^ed upon reductive cleavage of the material. 



VI VII VIII 

Fio. 12 


Because the carbon which was ori^nally present in the 2-po8ition of 
kiyptopyiTole turned up in the 5-poaition of the phyllopyrrole obtained 
as a deavage product, it was inferred that it occupied both positions in 
the condensation product and hence was present as a bridge. When the 
structure of this compound became of critical importance, owing to the 
fact that it was an intermediate in the first successful porphyrin syn- 
thesis, the formulation was Feinvestigated 83mthetically.*‘ The prepara- 
tion starts from kiyptopyrrole: 


H 


|C,H. 

CH, 


+ CtB[*MgBr -» 


VI 



+ acooc»H»-» 

?io. 13 


CHw |tC»H( 

c,h*ooc?L,xJch, 

H 

XXIV 


A oertain amount <rf the N — CXXKJaHs con^xmnd, whidh is an oil, 
vms fmmmd by this reaction.® The preparatkm of the crystalKne eolid, 
XXIV, by (hrect hydrogenaticm of the acetylpyirole, compound XIX,® 
jribowB that it is really the a-carbetho*y confound. This is now tiie 


"ftehar •nd Klwr, Awn., «#, ISl (ISee); FindMr. KhrtdJsr, ud ZyahHiaky. 

, *(<^ WtWf<e" I. Am. rw. Rm., a. no liaw>. (»)ODinriaaadQanta». 

... 4^. aat.. M. USA CLfiSil. 
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method of choice in the preparation of carbethoxykryptopyrrole. The 
synthesis continued: ** 




,C,H» _ ^ CH, 

1 "i" Brj ~+ 

CHa CjHjCXKJ' 


H 

XXIV 


Fza. 14 


a 

H 

XXV 


,C,H, 

CHtBr 


Further oxidation of the 2-methyl group in XXV to the 2-carboxylic 
acid,” which can be hydrolyzed and decarboxylated to opsopyrrole, 
compound VII, establishes the fact that halogenation does not attack 
the /^-positions. 

CHjn 

CJIaOOclL^ JcHjBr 

H AIgBr 

XXV XXIII 


CHap jjCiH* CHaji ^ 

CjHiOOC^X^ CHj 

H H 


|C,H» 

CH, 


+ HI 


XXVI 


Fia. 15 


cM!‘ 

H 

vin 


To show that the entering group went into the 5-position of XXIll, 
not on the nitrogra, the dipyrrylmethane XXVI was reduced with hydro- 
gen iodide to give phyllop)TTOle, VIII.” Since the carbon atom which 
was known to be attached to ring I was then found attached to ring II, 
the dipyrrylmethane formulation was established. The s 3 mthesis then 
proceeded: 



xxn 


Fro. 16 

« naOm and Enwt, Aaii.. 4*T. 169 (1M6). 

• XlMlMr, Stunn, lad Friedridi. Aai*., 4®!, 369 (192S). 
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It dMd be XH^ ilMit tba lest in this series iaeladeB throe 
roaetiaDs: ondatioa, decarboxylaticm, and bromine^oa, sari that the 
itoethane-carixu^lic add XXVII has not been satisfactorily ohamcteF> 
ised by aaalyris. Hence there is a jump of four steps from the last well- 
rotahlished eompoand, XXVI, to the desirod methene, XXII. Further 
substantiation the formulation given was obtained by still another 
method oi syntheds: 

H H 

XXIV 




H 
xxvm 


H 

XXIX 


H 

VI 


CH»| jjCiHt CH|f==sC»H6 

H H+Br- 

XXX 

CHiji jjCiH* CHs===i' 

bJssjjx^ CH»=Xn^' 

H H+B 


xxn 
Pw. 17 


blit 
H+Bf- 


It vriQ be observed that the final step in this syntheds is a two'Step 
reaction involving both decarboxylation and bromination. As in the 
preceding synthesis, neither of the two carboxylic adds XXIX or 
XXX *’ ** proved unmable to satidactory analytical characterization, 
BO that again it is four steps from the last completely characterized re- 
agents to the final methene. These syntheses do, however, make it 
dear that the identical methene sj^m can be formed from three sets of 
initial laoducts by three diSereni routes. 


IBB BATUXS OP THB POKPBTBIR BPCLBUS 
Bazl^ Svidracs 

The next step In the logical development of the structure of hemin 
is to estaldish the nature of the poi|hyriD nucleus. With the structures 
of the bade and adtfic cfeavage imodocts of bemin understood, we see 
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tbak the eesential points in. the struetuiee of the aide nhain* of tiPTnm 
are known. A molecular<weight detmnination,** which shows that there 
must be four p 3 rrrole redduea in a porphyrin, combined with the results 
of analysiB, which show that there are two carboxyl groups,” inonde a 
basis for projecting possible formulas for hemin. It seems lo^cal to 
suggest that the pyrrole rings are joined by bridges consisting of a angle 
carbon atom, since all posable combinations of zero and one earbcm 
occur in the a-positions of the pyrrole derivatives isolated, but no two- 
carbon residue is found. 

In 1912*’ Kilster advanced a formula for hemin nearly identical 
with that shown in Fig. 1. Shortly after this Willst&tter,** Fisehar,** 
and Piloty ” made alternative proposals for the structure of the por- 
phyrin nucleus. WillstiLtter's tetrapyrrylethylene formulation achieved 
considerable notice and was not disproved until 1925 when Fischer'” 
prepared such a compound. Fischer’s proposal was an “indigoid” for- 
mula,” essentially that of l^^ttitter but with pairs of pyrrole rings 
further paired by extra carbon bridges. The indigoid formula for por- 
ph 3 rrins could hardly be entertained as a reasonable possibility, even in 
the absence of experimental refutation, since a model of the compound 
would involve strmns of a sort which have never been observed in or- 
ganic compounds. On the basis of constantly accumulating synthetic 
evidence all tibiese suggestions were finally discarded in favor of the 
Kiister type of formula. 


Modem Evidence 

Before proceeding to the details of the reasoning involved, it may 
be well to pcmt out the fundamental difference between structural 
proofs in the porphyrin series and those in other brandies (ff organic 
chonistry. Ibe normal course of a structural proof is to study the 
compound in question by a number of d^radation reactions suffident 
to establish its structure with a reasonable degree of certainty and then 
to undertake a syntheds. Synthetic methods may then be used to duH 
tin giiiHli between a small number of alternative formulations which can- 

wZalaaki.X pkynoL Ckem^ S7, 73 (1902); Aui, 43. 16 (1904) ; Fiaohw aad Halm, Btr. 
44. 2308 (1913). 

" KOator, £. pht/noL Cken,. St, 463 (1913). 

** WillBtattor and StoU, “Untarauahungen fiber CSilorophyll,’' JuUua Spiinier, Beriin 
(1913), p. 42. See alto Willettlter and M. Fiacdwr, Ann., 400, 182 (1913). 

* flmlur and BOee, Z. phi)$iol. CAem., 89, 263 (1913) ; Fiaohar and Klaier, AiMh 444 
188 (1996). 

and Ballar. Ann.. 444. 238 (1926). 

” FiMhw, EalUg, and Walaoh, Ann., 4lt, 268 (1937). 
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be distiapdiated aaalyUcaDy. In tbe porphyrin fidd tfads method 
broim doDm because degradations drastic enou^ to l»:eak the porphyrin 
mnrieus were aibo drastic enough to cleave the products of the porphyrin 
&mcm, leaving only small fragments. The method of degradation was 
not capable of establishing finally the nature of the porphyrin nucleus 
itedf, much less of giving information concerning the relative positions 
of the tide ohiuns on the nucleus. For this reason the 8)mthetic method 
was resorted to and exploited systematically by Fischer in the attack 
on the problmn of porphyrin structure. 

It should be emphasized that, in this field, perhaps more than in any 
otiiex, a brief review does the logic of the structure which has been 
erected less than justice. This is true because one of the essential fea- 
tures of the logic is the general consistency of a large number of syn- 
tiieses. Many of the key subetanc^ have been prepared by more than 
one method. Several substances in one series of compounds have been 
converted to those in another series which have been synthesized inde- 
pendently. Thus the whole porphyrin structural argument should be 
r^arded not as a chain of links but as a fabric of interlinking chtins, the 
number of whose interconnections probably constitutes the most con- 
vincing argument for the soundness of its parts. 

The most striking physical characteristic of a porphyrin is its absorp- 
tion ^ctrum.“ Although porph3nrinB which are not isomeric may have 
sensibly identical spectra," and although variations in the nature of the 
tide chains of the nucleus may produce marked changes in the positions 
of the absorption bands and even invertions in their intentities, never- 
thtiess, through wide variations in structure, there remains a qualita- 
tively characteristic fo\ir-banded spectrum. 

tJting tile absorption spectrum as the major criterion of success or 
failure, ilscher was able, finally, to achieve a porphyrin synthesis.* 
After this he rapidly devised alternative methods for producing the 
poiphyiin nucleus, which showed the nature of the linkages in the ring 
eystom. 

OctamethylparphyTin * was prepared by two methods: * 

* Fiadwr, Z. Chen,, 1S8. 307 <182«>. 

and Wialadb, Ann., 4M, 165 (1928). For tlio purpoao of ■yotamstio noman- 
dtttora Fisdur onned llw term "poipfaia" to indieata tlw porphyrin nueleua. It ii the 
of die preaeat Mitbor thM tbia givae riea to nn&eoeaaafy eomidieatimia and ia 
eoaator to eetobHdiad diaiiueal tmaca. Hoppa-Soyier, who diaoovarad tha pcophyrina, 
ahoald be parmittad to rehrin dm haoat of tba elaea, in aeoordaaoe -with eoatom. 

Xt^OoU be notad, further, diat it baa never boan eooaldarad naoaaaary to alter audi tanna 
•a beeaana. na^dielaaa, and aadinunoe whan ayatematlatng wibatitutione in die audel, 
•dbf I,i4iinedij4iiapl>diati(ia ia not eallad "l.d-rhmetMutohtheae.” 

. "XWiar and WialMii. Amu, 4»9. 174 (tiOe) ; naebar, Salfaic, and Wala^ Ann., dig 
109(1037). 
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|CH| CH^=s“=iCHi 


1 

.N^ 

H 


H+Bi- 


-CH= 

+ 



BrCHij 

chJ 


H+Br- 
H 

^NBr 


N>s^ CH 

=lCH, CiyL— llcH, 


-> Octamethylporjdiyriii 


CHajj nCH* CH y - | CH» 

bJLnJ— CH=ivN^Br 


H 
H+Br- 


Br 
H+Br- 


+ 


CBy 
Fia. 18 


• U = I CH, CHjl*— 


"CHi 


If we assume that no molecular rearrangement has taken place, the 
CHaBr- group on ring 2 in the first gmthesis has the same function as 
that on ring 3 in the second synthesis. This can be true only if the carbon 
concerned is functioning as a bridge between rings 2 and 3 in the por- 
phyrin. If we assume that reaction conditions favorable to the con- 
densation of rings 2 and 3 should also favor the similar condensation of 
rings 1 and 4, we have grounds for assuming that the porphyrin formed 
is actually a large “doughnut” ring, with four equivalent carbon bridges 
joining four pyrrole rings. 

When the syntheses above were completed, Fischer adopted the 
large ring formulation of Kiister for the porphyrin nucleus and proceeded 
with numerous syntheses on this baris, none of which gave results 
incompatible with this formulation. A number of syntheses were also 
tried in which one or more of the structural elements necessary for the 
large ring formulation were lacking and in nearly all cases the results 
were negative.^ These negative results cannot be accepted as conclu- 
sive, however, for certain syntheses in which all necessary structural 
elements are present also fail to go. This is due periiaps to insufficient 
activation of the o-positions by the groups occupying the ^-poritions. 
The fact that syntheses lacking some of the structural elements ware 
not uiuformly unsuccessful would be more disturtang were it not for the 
difficulty of insuring purity of the nmterials entering into the reaction 
to an extent compatible with the extremely small yidds obtained. F<tf 
a timtk the Ic^cid inconsistency involved here could be overlooked be- 
cause of the general consistency obtained in a <x>nstantiy increaihig 

“ Xiaelwr, storm, uid Friedri<ih, .Ann., Ml, 364-6, 363 (1928). 
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maaa^ ol pcnphyrin qmtiieses. FOTtuoati^, bovev&, Fiadimr later 
iinorlBad out a logical^ oonvindng proof of tibe ciydtie nature of tlie por- 
plqntin nudbos which, so far as we are aware, has no parallel in stouo- 
txind dunnistry. Beoai»e of its tinique nature, this proof deserves a 
c&atinctave name, and we shall call it the method of “progressive pairing 
df quadrants.” 

Examples of (he method of progressive pairing of quadrants appear 
in the syntheses of two of the chlorophyll porphyrins, pyrroporphyrin **• 
and rhodoporphyrin.^* We shall choose the syntheses of rhodopor- 
phyrin to illustrate the method and shall leave for a later section the 
nature of the reasoning which led to the selection of this particular 
mder of substituents. 

If we consider, geometrically, a cyclic system made up of four dif- 
ferent structural elements, aU joined, we shall see that there are two 
methods of putting the structure together from paired elements: 


Fici. 19 

A bri^ coDsidenitiaa of the geometry of the 6gure will show that a 
structure made from the pairs 1-2 and 3-1 which is identical with a 
structure made from the pairs 1-4 and 2-3 must be cyclic. 

For tibe argument to retain its validity, it is not necessary that all 
the sbnetoral elemente be different. The argument is equally valid in 
the fdlowing case: 


Fia20 

It is because the aigumaat brealss down when the four structural 
ctonaeats are made up d cmly two diffment lands that it was neoeseaiy 
tb wait until more omni^ica^ porphyrins were etherised before the 
fcasoc^ ooidd be ap^ied. 

ftedMT. Bms. aad Sdien&«br. Atm., 419, US, Ml (010). (t) nate, Bmw 

Id nootaWw. Atm., m, Ml, m aw). 
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The fiifFt flyntheeis of rhod^wrphyriQ vas aeooiQ{^ilied io the M> 
lowii^s maimer: 

HOOCCHjCH* 

H H 




XXXI 


XXXII 


HOOCCHjCH* 


Ijn pCH, CH,p= 


jCiHs 

CH, 


H+Br- 


xxxni 
Pm. 21 


The fact that the aldehyde synthesis took place by condensation under 
the methyl group of XXXI and not tmder the propionic acid group was 
demonstrated by a reversed 83m thesis: ” 


HOOCCHiCHi 

H' 




H 

XXXIV 


H 

VI 




HOOCCHjCH,n nCH, CHfi==iC,H* 


XT chXI 


^N. 

H 


XXXIII 

Fia. 22 


n^ch, 

H+Br' 


For the reasoning to be convincing, it is necessary to locate the 
aldehyde group in compound XXXIV. This was prepared by the fid- 
lowing reaction: ® 


HOOCCHrf]H, 

H' 


HT nCH, H 

+ aC-NH (HCN -h Hd) -• 

H 

XXXI 

HOOCCH,CH,|| jjCH, HOOCCH,CH, 

JLn JcH=NH,+a- + H,0 

H H 

XXXIV 

Fra. 23 


XXo 


Its structure was then proved by its reduction to hemopyrrole car- 
boxylic add,'** whose structure was known." 

” Ptacfaw. B««, WKl SchormtOlw. Ann., «N, 136 (1930) ; FtadMsr, Fliedddk, LmbMmIi, 
and Morscoroth, Ann., 4SS, 17S (1928). 

• HaeiMr and TWha, Ber., SO, 379 (1937). 

" Kaabar and NOadar, Ann., 491, 186 (1981). 
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f , HOOCCHiGHm— ~~~ nCHs 

^nJcho 

H 

xxxrv IX 

Fia. 24 

This last reacUon finally established the position of the linkage in 
the methene XXXIII. 

The othec methene for the synthesis of rhodoporphyrin was pre> 
pared by the foUomng reaction: 

CjH»OOCn 

H H 

XXXV xxrx 

C,H.OOC|j jjCH, CiSt— iCH, 

CH=is^j^JcCX)H 

H H+Br- 

XXXVI 
Fia. 25 



Both the methenes were then brominated, the latter with decar- 
boxylation, and the condensation to the porph3Tin was brought about 
in an acid melt; 

HOCX:CH,CHi|j |CH, CH,j==|CiH» 

H xxxni H+Br- 

+ -» 

H+Br- H 

CAOod==<:H, CiHill “CH, 

XXXVI 



BbodoporpkrriB McasttbiA ElUr 

xxxvu 

Fm.% 


Tile yidd in this veae&m was 0.1 per cent. 
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The alternative synthesis of rhodoporphyrin was undertaken 
foUowmg manner: 


CHte jjCOOCjHj 

H 


H 


CH, 


cXj 

H 


(COOCaHfi 


H(X)CCH2CH8~=.CH, 


xxx\'m 
Fw. 27 


'COOH 
H+Br- 


Methene JDCXVIII lost carbon dioxide spontaneously upon recrystalli- 
zation to yield the substance with a free a-poation, XXXIX, which was 
then brominated; 


CH*i jjCOOCiH, HOOCCHjCHjj==f:H, 


H 


H+Br- 


CH 

CH 


o 


iCOOCjHi 


H 


XXXIX 

HOOCCHjCH 

_CH=== 


H+Br- 


jCH, 


XL 

Fia. 28 


The methene for the other half of the molecule was obtained by the 
bromination of hemopyrrole: ** 


CH; 

CH,' 


:u 


|C,H, 

'H 


+ Br, 


CH 

BrCH 


t 


,C,H, 


CHs=— =-;C,H, 


H 

V 


H 


-CH= 


»VN^Br 
H+Br~ 


Fia.29 


XU 


These metiieneB were then combined in the porphyrin synthess ^own 
below in Fig. 30. In tlus synthesis, althou^ 2 grams of the methene 
mixture was used, the yield was so small that only enou^ material for 
mi^ting-point ocunparison was obtained. With two such axamj^ 
progressive pairing of quadrants,* the nature of the porjdiytin mideus 
was eetaUidied. 
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COOTlGUKATIOlf AL STDDIES 

The next step in establishing the fonnuls for hemin was to learn the 
order of the substituents in the porphyrin nucleus. It had been dis- 
covered that it was possible to degrade hemin, by reduction and subse- 
quent pyrolysis, to a material called etioporphyrin.® Since this etio- 
potphyrin gave methyiethylmaleimide on degradation and since its analy- 
as corresponded well with the formulation as tetramethyl tetraethyl- 
porphjrrin, the possibilities for identification of the natural product 
through this derivative were canvassed. Using the KUster porphyrin 
formulatkm, four etiopotphyrms can be written.® I 

CH,r— ,C^, CH„ — CHm — . cm, 00^ — iO*H« 

Pia. 31 • 

All four of these porphyrins w«re synthesized and the natural product 
was compared with thm. Unfortunately, however, no method for iden* 
tifioatiao me found ivlnch was capable (d proving idoatity unequivo- 
cal^,® since all tiiiem m^ted with decompontion at a Mgh tenqwr* 

** WmaSttBraiiii Gisa, “traWnsMlniiicMi Qbar CblontdiSil,” J. SpriacBr, Bsi& (1918), 
p. 411. 8«e alu WOlWiUtw nd M. FtMiur. Ann.. 489, 183 (1918). 

(tftMhn Mid 6tB^. Ann., 4M. 02-8 (1(0?). 

AinW nd^ Aoitbmd arMcw for Ttprmatiag Hbt porphyr i a nwdoiu 

ly gmilHiin nfl the bride— tnd ring» imd r oprw t n tini onoh ^rrroi* ring ty wdy al—olwt 

; «i1*ih«i«dB«w>siw, Ann., 489,90(1927). 
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ature. Xt waa neceasaiy to abandon this short cut, then, and to choose 
a substance for the comparison which could be identi&d by its mdting 
point, even though the numbo' of posrible isomers was matmaUy 
larger. The substance chosen was mesopotphyrin, piei>ared as described 
on p. 1282. This substance is a tetramethyl, die^yl, dipropionic acid 
porphyrin, and its dimethyl ester melts low enou^ for idmtification 
purposes. 

Fifteen mesoporphyrins " are possible. Fischer set out to ^thesise 
as many of these as necessary to duplicate the natural product, starting 
with the methenes which were m<»t readily available. In this venture 
he was much more successful, arriving at the natural product very early 
in the series. This was shown to be number IX in his table of the pos- 
rable isomers of mesoporphyrin and was derived from etiopcnphyrin III. 
It was synthesized by the following reaction: ** 

CHm |]CtH( CH| F ‘ 

l^j^^CHiBr 

H H+Br- 

+ 

H+Br- H 

. eg 

chJ=Jchk:h,cooh hcxxx:h,chJ — “ch, 

xun 



CH, CH, 

I I 

CXX)H COOH 

XLIV Mwoporphyrin IX 

Fiq, 32 

The yidd in tbk case was more than 30 per cent of the theoretical. 

DEVELOPMEITT OF THE HElcm STHTHESIS 

At the when the synthesis of mesoporphyrin was oompleted, it 
was known that, hemin cout^ed two unsaturated side drains wlndx 
Ware gaturated by the oonversmn to mesoporphyrin. Fisdier bdieved 

•• Slwdiar end Steariw. SSt. 73 (1937). 



OBQAKIC CSmUESTBY 


I3»0 


tbe flide di&ins was acetylenic and the other ethylenic.** 
l^wever, no method existed for ssnathesizing porph 3 rms with unsatu* 
mbed side chains. FIsdter determined to explmre the possiWlies<tfi^the- 
idaing sQch porpbyiins by intaroducmg acetyl groups into free i^-poshions, 
reducing to o-hydroxydhyl groups, and dehydrating. Such a dehydrar 
taon had been accomplished befmre in a resyntheals of hemin horn hemato> 
poridryTin,** which contains two molecules of water more than hemin. 

Eatiier it had been ^own diat bacteria could remove the unsaturated 
side cluuns from hemin with the formation of deuteroporphyrin.'* 
Sehumm then prepared deuteroporphyrin by the pyrolyas of hemin in 
reeorcinoL^ A syntheds was soon devised to establish the structure 
of this material. Because of its importance, we shall trace the course 
of this syntheds from the original condensations. 

The starting point was ethyl methyl ketone: “ 

CHjCXXHiCH, + RONO + HQ -» CEUCOCCH, + SnCl, -» CH,COCHCH, 

11 I 

NOH NH,+C1- 

Fia.33 


o-Amino ketones of this type are stable only in the form of their hydro- 
dilorides. When neutralized they condense with themselves or with 
other substances which may be present. In this instance the amino 
ketone was condensed with ethyl oxalacetate, XLV, by the slow addi- 
tion of alkali, which also accomplished hydrolysis of the a-ester group 
toXLVI.“ 

CH,C=-0 HjCCOOCJI, cH,g |COOC,H, ^ CH^j nH 

CH,CH ^ 0=CXXX)CiH» CH^I^jj^JcOOH ^ (160°) 

\ H H 

NH» axY XLVi XLvn 

f^o. 34 


A second quarter of the deuteroporphyrin was prepared from 2,4- 
dunethylpyrrole: • 



H 

3CVI 


a 

I 

C®— NH 


"n?’ 

H 

Fia 35 


H 

XLvin 


** FimlMr and Zcile< ^tnn., 4SS, 100 (1929) : see sleo WQletStter end StoU, "nsienueh- 
angen fiber CUecojdupfi," J. Spriai^. Berlia (1913), pp, 30-42. 

** Flsdier sad liadaer, X. pkpiioL Chtm., Itt, 141 (1925). 

'*9lHber sad Uadaer, Mi. 17 (1939). 

*^SclKyauB, ibid^ IW, IM (1933); Ofit. m, 1 (1938). 

•* yiMdiw, Beiier, sad Stem. Ar.. «. 1077 (1938). 

, ** BSatr «Bd Wi^ Aer., IS, MM (1»12); IsWiersad Kutedusr.ilitn., 481, IM (1930) 
sad ZenrMc. Mtr^ fS, IMO (U^. 
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TlteBe subetances were then condensed to yield a meting, XUX, bolf 
of the deuteroporphyrin molecule.” 

H H H 


H 

XLvin 


H 

XLvn 


Fia.36 


) CH= 

XLDC 



wU^CHi 

H+Br- 


J71U. «JU 

The synthesis of the other half of the molecule was a longer procees, 
starting from compound XIV, prepared above. This material hydro- 
lyzed preferentially in the /3-position when treated with concentratec 
sulfuric acid:® 
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» 

>CH, 
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CHto jjCHtCHjCOOH® sr, CHm jj< 
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|CH,CH,COOH 
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CH* j|CH,CH,COOH HOOCCH,CH,j| nCH, 
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® Fitdbir KiwtsUWi (1938). 

* ntdMr Md WstaA. Bw.. M. 3820 (19W- 
® UMbir aod Aadamt. 4nn., 400, 91B (1998). 
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llKMO^two BWtiieiMis, XISX aad XUH, vere then oomtwed m aa add 
aodt to give deuteiqpoiphyrin.** 



H+Br- 




U D«ut«opoTl>hnln DC 
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Tlie dimethyl estm* of the synthetic product gave no melting-point 
depresdon with timt from the natural product, and the synthesis thus 
demonstrated again the order of the groups in the dde cbmns. 

Ihe introduction of two acetyl groups into the deuteroporphyrin 
molecule was soon achieved. In line with other observations, it was 
found that the Friedel-Crafts reaction proceeded more smoothly on the 
inm complex than on the free porphyrin. For this reason deuterohemin 
IX (Fig. 39, UI) was used for the synthesis:** 



dflMhiir aoS ZaBa amk, SM, SS 
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THE CHEMISTRY OF THE KHUPHYRINS IffMI 

Hie rni^iioa of this poiphyrin tamed out to be * matter of ©oi^ 
siderable difficulty and was solved only by recourse to a niui^ 

had lain dorzoant in the literature for nearly a hundred years. Dumas 
and Stas •* had discovered that ethanol and potassiuni hydroxide react 

to form hydrogen and potassiuna acetate according to the following 
equation: 

CiHiOH + KOH -» CH,COOK + 

Fischer found that, in the presence of a reducible substance, the 
reaction led to reduction of the organic readue; 



„ LV 
Hemttioporpfaytia 

Fio. m 


The porphyrin obtsuned from this reduction proved to be identical 
in all respects with natural hematoporphyiin, a result which was not 
expected at the time. Shice the material was hemcdop(»phyiin, the 
theory that hemin had one acetylenic link had to be discarded, for the 
prooeas used in the syntheds could hardly be interpreied as leading to 
the fonnathin of the enoHc dde chiun required by an acetylenie detiva' 
tive. AcoordiBi^ it became necessary to formulede hemin widi two 
ethy^o ddb chains in tiie 2- and 4H>oeirioa8. The reouunder ci the 
hemin eyntheeie bad been oonqdeted previously, starting witili notiixally 
obtained degradation products. ¥nm bematiqiorphytra, prot(^M»^ 

■* Dubmm and Sta«, Amt.. M. 132 (1840) ; C. H.Q, Amt., ISS, 288 (1884). 
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jpinfiia was obtained by detbydr&ti<m, md, from tJuai, baaia waa jm- 
paged by i&trodueticm of iron: 
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rURTBER CORSIDSRATIOir OF THE STRUCTURE OF HEMHI 

It will readily be appredsted, after perusal of the foregoing section, 
tbat tbe ctmfigo^tvautl studies on hemin rest entirely upon synthetic 
methods. During the past few years it has become increasingly apparent 
thidi stmcturai proofs based upon the alddiyde syntheds of methenes 
may be open to question in certain cases. Anomalous reaction products 
bave now been <^tained from a number of methmie synthesea.** 

*Cor«vlit Ktd AadnSra, /. JM, Chtm. Soe., H. tOBS (tOSS); Corwin tad Andrwwi, 
1973 (1937) ; F«d«B. Cwwia, awl Bail*)'. M, 413 (1940). 
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It has been shown that the aldehyde 83 nithesis of naetheaes may 
yield at least three different products. If pyrrole rings widi differ^t 
substituents in the 1-, 3-, 4-, and 5-poeitions are marked by distinetive 
numbers, these products may be represented as follows: 

Ucho-h^P - [p-onJ^ • 

H H H H+Br- 

H H+Br- H H+Br- 

Fiq. 42 


Thus the normal unsymmetrical methene I-II may not appear and 
may be replaced by either of the ^mimetrical methenes, I-I or II-II. 
These difficulties are easily recognized if the alternative reaction prod- 
ucts vaiy widely in analysis. If they are isomeric, however, the situa- 
tion becomes more complicated. Reference to the synthesis of deutero* 
porphyrin will show that the synthesis of the tetramethyl methene, 
XLIX, used in this series, is just such a case. All three possible methenes 
would have the same ana^sis. 

This methene synthesis has now been reinvestigated in the light o! 
the known methene anomalies.” Each of the 63 munetrical methenes 
has been prepared and characterized: 
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*» Corwin «d KrieWo, ibid.. M, 182® (1941). Sm nl*> Fwolwr ud Endennmn, Ann. 
Ml, 148 (1940). 
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Wlwo the cfflMieB»tkm tMed in the (totewpo*^^ 

was re|)eated muier aohydzous oowiiiioiia^ a m^ieBa was obtains 
which was daferent from diher of Ae aymmetiicd nsetheoee. It w<ml< 
be infmrod, then, that this was the un^ymmetrioal methene, ainoe i 
gave melting-point deiHeadoos with each of the 83munebical methmiei 
aad showed the correct analyBta. Its melting point was 32 * lower than 
Ahnf recorded br Hacber for the material used in the bemin syntbmis, 


however. Since Fhcber's melting point corresponded to the symmetriical 
methenes LVIIb and LIXb, it might be infened that the wrong inter- 
mediate had appeared in the hemin synthesis. Accordingly the corre- 
sponding deuteropoiphyrins were prq>ared by appropriate condensa- 
tkms. These were fcHind to be three individuals, easily characterized. 
The unsyinmetrieal methene gave natural deuteroporphyrin. Thus it 
is iq>parent that the aldehyde 83mthe8i8 did not follow anomalous 
coarse. The structure of hemin as originally formulated is confirmed 
by this work, but the physical prop^ties of the intermediate methene 


must be revised. 


THE “HME STEXTCmtS” OF THE POKPHTEDV NVCLEVS 

The question of the so-called fine structure of the porphyrin nucleus 
is <me ^riiich has received some attention in the literature " but one on 
which decirive etperiments are still lacking. Fischer early considered 
the poasibifity that porphyrins might exist in isomeric forms depending 
upon the positions of the hydrogens on the nitrogens of the nuclei.** 



FiaM 


While isomers <d this type might be tauUnneric and capable of inde- 
pendent mdstenoe, all <jSfte(«Kice8 between the two types wmild disappear 
i4xm oonv^mi to a metallic compkac or to an add salt: 

*FteaMiauBai7trftiwlitM»t«ir»ieeFtidt«r-0rtb "Dki Chimle dM FTRob,” Akad. 
fSMhs^ tmn, Bd. H, I sumc, i>t>. 173, m 



of tss FcntPstfitENs ^ 
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Inspection of these formulations will show that they are electronic 
isomers since models of them require no shift of atomic nuclei for inter- 
conversion. Therefore, according to all the rules of experience, they 
should not be capable of differentiation, just as it has proved imposable 
to isolate isomeric forms of ortho-disubstituted benzene derivatives. 
For this reason it seems improbable that isomers which have been iso- 
lated from an acid melt or purified by add fractionation or which pve 
different metallic complexes can be formulated as “N-isomers” of this 
type." 

Huggins ” suggested another possibolity for isomerism which might 
enst in certain tmsymmetrically substituted porphyrins: 



Fta4e 

"Coaaat mkI Bailv, J. Am. Chm. Soc,, H, 7B6 (1033); Comin and 
iM., M, 1061 (1080); oompaie Etothemund, ibid.. It 2012 (1030). 
w 8 m Corwin and Quattirtawm. *«•. «. 1082 (1086). footeoM «. 
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Omatiudjcm of a modd of tUs f^pe of (xnapound shows that the inter- 
Otovemoo of the isomers ^uld require a marked shift of atomic oen- 
teis, the bridged nitrograis bring closer together than the unbridged 
ones. This NH*bridge type of isomerism should also disai^)ear on 
acidic salt or metrilie complex formarion, however. 

In his studies <rf the structure of phthaJocyanin, LXIV, by the x-ray 
method, Robertson” showed that pairs of adjacent nitrogen atoms 
were doser together than opposite ones. This made it seem probable 
that the force jrining these atoms was due to hydrc^n brid|^ from 
N to N: 



This work on a dosdy related substanoe makes it appear quite probable 
that porphyrins will also be shown to have NHN brid^ joining adjacent 
pyrrole nudri. 

Various attempts have been made to adduce the “poritions” of 
douUe bonds in the porphyrin nucleus by physicd methods such as the 
measurement of afaeorption spectra and magnetic properties. These 
can hardly receive serious amsideration until a much larger majaa of 
data has been accumulated or until the theory concerning them has been 
r^Sned suffirimtiy to |pve confidence as to tbrir reliability. In view of 
past experience with smaller resonating systems, it seems that any 
attempt to fmmulate fixed bonds in the large conjugated system of the 
porphyrin ting will remain arlntrary for some time and will then have 
to witlartand ccmtravasial fire before it can be accepted. 

It win be noted that, in the codrdination complex hemin, iron is 
tribraoovakmt. Studies df inm complexes have shown that the hexa » 
oovatent stirie is of much more frequmit oceunmioe ” and sug^st that 

^ttobBisoii, J. Ohtm. See^ 11#6 (ISSO); Robart«m wd Woodwsrd, AtU.. 21» (1»7). 

»Sw, lor infteasa IMudm. "Aaca* Oimi.,'* Varim ttaiakopf. I^Mdni (IWt), 
AAmI.. IV aOS-271, 



THE CHEMI8TEY OF THE POBFHYRINS 1381 

a complex such as hemin should readily add substfuxces capable of 
codidination. That this is true is shown by the formation of complexes 
with a large variety of organic bases. Surprisingly enough* timse coni' 
plexes are relatively unstable. The ability to co5rdinate seems to be 
the basis for the utilization of hemm in hemo^olw. Glolw, a 
molecular*weight protein base, is capaUe of forming a very stable co- 
ordination complex vdtb the reduced form of hemin to make hmuo- 
globin. Furthermore, this base so modifies the nature of the iron atmn 
that it becomes capable of combining reversibly with molecular oxygen. 
The reasons for these chemical peculiarities of ^obin are unknown at 
the present time, and the search for them will be one of the int^esting 
chemical investigations in this field. 


OTHER PORPHYRINS 

Various porph 3 Tins not directly related to hemin have been found in 
natural sources or have been prepared from natural products. The most 
important of these are the koproporphyrins, the uroporphyrins, and the 
chlorophyll porphjTins. 

Koproporphyrin I, corresponding in its arrangement of side chiuns 
to etioporphyrin I (see p. 1278), with the exception that the four ethyl 
groups are replaced by four propionic acid groups, was first isolated 
from feoes.^^ It has also been isolated from urine and from various 
organs in cases of porphyrinuria, or porphyria, in which abnormally large 
amounts of porphyrins are excreted.’* Free porphyrins in the blood 
stream pve rise to hypersensitirity to light, and victims of porphyrinuria 
who do not eliminate the porphyrins rapidly enough suffer severely from 
even moderate exposures to light. The structure of this compoimd has 
been established by synthesis,’* In certain cases koproporphyrin III, 
corresponding in structure to etioporphyrin III, also appears in the 
excreta. Uroporphyrin I ” contains eight carboxyl groups and can be 
decarboxylated to koproporphyrin I, but the positions of the extra four 
carboxyl groups have not yet been definitely asagned." 

Fiachw, Z. pfcjwiot Chem., M, 156 (1916). 

n Ftadtar, WMmw , LindiMr, and Paum. Und., tW. 44 (1025). For • owtpl^ aieiis- 
^on MO Vonaotti, ‘‘Porphyiino und PorphyrintoonilMitoB," J. Bprincor, Beriin (1087). 

** FlaoliiK wd Aitderoac. dnn., *W, 218 (1026). 

PiMhw, Z. lAv^. CAm.. W. 43 (1015). 

"Ito«dMr and ZiseUw. tbul.. M(, 123-88 (1037); Fischor and Hoftnaiin, Md^ SM, 
15-80 (1057) ; Rodrw ond MttUor. Md., 848. 31-13 (1937). 
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mK coimmmATioir or CBLOKorsm 

By far the largest group of porphyrius nummoally has beox obtained 
fixan me or another of ^ multitudboua degrodstions of chlorophyll. 
Shioe the variety (tf the side chcuns on the ohkuophyll porphyrins is 
larger than that in the hemin porphyrins, the posat^ties for isometism 
are oarrespondingly increased and the configurational problem, attacked 
fitom tlm synthetio pmnt of view, becomes coneapondms^ more diffi* 
ouH. We shall consider the proof of the structure of pyiroporphyrin, 
a substance <^tained by drastic alkaline degradation of x^oropbyll 
deriivativeB. 

By analysis and d^padation pyrroporphjnrin was shown to be a 
tetramethyl, diethyl, monopropionic add porphyrin.’* Twenty-four 
isomers of this compound can be written. By filling the vacant /^posi- 
tion with an ethyl group, however, the number of possible isomers is 
reduced to eight.** Experimentally, this synthetic operation was carried 
out on pyrroporphyrin through the iron complex as follows: 


yRH + Fe Acetate + NaCl 
W 

IVri up w ' p haniB 


(Fe>RH)+Cl- + (CH|C0)»0 

ffttabnaia 


(Fe>RCOCH$)+a- + HQ -♦ 

Aoatyl pjrTTohmiD 


h/ 


RCOCH, 


+ KOH -I- 0|H*0H -♦ 


AoBtarl py no» 
porpoynft 


Bv H. 

>RCH(OH)CHi + HI- 
B< Bf 


'^RCHjCH, 


Bj’dioqnUirl 


l&bjrl p m tf 
porpfaTna 
IZV 


FI0.4S 


Tlds ethylpyiixqrorpbyrin is, then, a tetramethyl tiiethyl monopropionic 
addpmri^yrin. AH eight of these eubsUnoes were synthesised, and the 
huA me ^apared proved to be the desired ethylpynoporphyrin: ** 

** WiBctlittwr wad tiUmiim, Ama, sn, 94 (19(W; naobar, Bait> and ScbonnUiar, 
Am.. 49*. too (1930). 

**fliKlMr, QtaMdSasw.«lM| Btaudw. Ann., 411, 222 (UK2S). 

» fbtlMr. Wakbiiktta. aad 2Mi^ Ann.. 411, 2S2-2S? (1M9). 
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COOH 
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This synthesis led Fischer to the surprising conclusion that the red 
blood pigment and the green leaf pigment have essentially the same 
arrangement of side chains. 

With the general arrangement of the side chains established, 
possibilities for the structure of pyrroporphyrin were reduced to three: 
the free position could be any one of those occupied by an ethyl group, 
2 , 4, or 6. These compounds were syntheazed, and it was determined 
that the 6-poaition was the one actually open.*** It had been deter- 
mined previouriy that rhodoporphyrin differed from pyrroporphyrin 
only in the presence of a carboxyl group which replaced the free posi- 
tion of pyrroporphyrin.® Thus the way was immediately open to the 
synthesis of rhodoporphyrin,**^ which was accomplished at almost the 
same tifna by the methods sketched earlier in this paper. These syn- 
theses solved the problem of the arrangement of the groups in the 

** Sm WiUstatta' aiul "Unterauchunsen Chlorophyll,'' J. SjoiacBr, BwiiA 

(1918), p. 847. 
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poridiTiiiis uid laid the foundation for the further work on 
the minutiae of chloroidiyll structure which will be summariaed in the 
succeeding chapter. 
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miKODiTcnon 

llie naioe *'chl<»t>pbyU" 'was first pven by Pelletier and C^ventou 
(1817) to tiu) green ooloring material present in the chloroplasts of green 
plants, especially in the leaves. In 1818 the .English physicist Stokes ^ 
showed spectroscopically that the chloroplast pigment was a mixture, 
and Sorby * separated it into four pigmmita, two }rellow and two green, 
by partition between immiscible solvents. This work was ignored until 
Willst&tter (1906) began his investigations. Meanwhile many attempts 
were made to isobte the chloroplast pigments; the isolation of the yellow 
pigments was achieved by several investigators, but the use of too 
drastic metiiods gave very impure chlorophyll extracts, so that many 
worimrs reported a different chlorophyll for each plant species. 

Fttnn 1906 to 1914 'Willst&tter* and bis collaborators not only suc- 
ceeded in preparing relatively pure chlorophyll for the first time, but also 
by their chemi<»l investigations laid the foundation of our knowledge of 
the structure of the green pigments. WUlstatter showed that two green 
pigments, chlorophylls a and b, were present in all plant leaves, and that 
they could be separated by the preferential solubility of chlorophyll a in 
petroleum ether and of chlorophyll 6 in 90 per cent methyl alcohol On 
the ba^ of the earlier discovery of Tswett * of the use of chromato- 
graphic adsorption as a means of separating pigments in solution, 
Winterstein and Stein * separated the two chlorophylls by adsorption on 
powdered sugar. Wiilst&tter found that the ratio of chlorophyll a to 
diiorophyU b was remarkably constant in the higher plants, being about 
three to one. The ratio is much higher for some algae, and at least three 
algae appear entirely devoid of chlorophyll b.* 

Chlorophyll and its derivatives are v&j sparingly soluble in most of 
tlus common organic solvents and are difficult to purify. The chief meruis 
of idmrtifying individual compounds is by their unique absorption 
qjectra. Willst&tter introduced a general method for the separation 
mid purificatirm of chlorophyll derivatives, by extracting them from 
ether solution with hydrochloric add of different cmicentrations. This 
method of add fractionation depends on the huge differences in the dis- 

* StdMi, Ann, ehhn. ph^,, Bw. S. t, IM (ISIS) ; sbo /Voe. Spc. iLondm), U, 144 
(1864). 

* Sorbr, Proc. Sop’ Soe, (London), tl, 442 (1873). 

'Wibatter and Stiril, "V&tmraehungaD Ober CSdoropbyll,'' B«riin (1813) ; translated 
iar Scberte and Mara, SeiaiiM Fufaiiafaiiig Co. (I82S). Tbe origiiial pnpetn are in the Ann- 
nlm from 180S to 1814 

* Tsirett, Bor.. 4t. 1363 (1808). 

*'WintMet^ and '‘Budbocb dar Pfiaoaan Anslyae,’' IV, H, 1408 (1888); also 
Z. pl^oioL Chom., m, 28S (1933) ; S»,13» (1934). 

*E1seher and BMitaer, Ann., MS, 161 (1936). 
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tiibutloii ratios of these substances betvem ether and dikte acad, 
brought about by small differences in basicity and in soluinfity. Chloro- 
phyll derivatives are therefore all characterized a hydrocMoric acid 
number, deiSned as that percentage concentration of hydrochloric acid 
which extracts two-thirds of the substance from an equal volume of an 
ether solution. 

Willstatter determined the correct empirical formula for dilorophyll 
a as CfljHyaN^OsMg (later substantiated by Fischer ’ and Iqr Stoll •), 
and found that chlorophyll b contained one oxygen atom more and two 
hydrogen atoms less than a. He proved for the first time the presence of 
magnesium in the chlorophyll molecule, and showed that hydrolyas 
split off two alcohols, methyl alcohol and phytol, C 20 H 39 OH (p. 1297). 

iroCLEAR STRUCTURE OP CHLOROPHYLL 

The Chloroph^ Porphyrias. The earliest obtained derivatives of 
chlorophyll were the pyrroles and the porphyrins. Nencki • and latest 
Willst&tter ** reduced chlorophyll to substituted pyrroles, identified 
by Willstatter as hemopyrrole (p. 1263, formula V), cryptopyrrole 
(VI), and phyllopyiTole (VIII). KOster*^ obtained pyrroles by the 
oxidative degradation of chlorophyll, and isolated hematinic acid 
(p. 1263, formula IV) and ethylmethylmaleimide (I). Hemoglobin, on 
reduction and oxidation, respectively, ^vea the same series of pyrroles, 
as shown in the preceding chapter. 

Again chlorophyll, like hemin, on drastic alkaline degradation gives 
porphyriiui (p. 12W). The chlorophyll porphyrins were originally 
obtained by Hoppe-Seyler “ and also by Schunk.“ Indeed, this forma- 
tion of porphyrins was the first indication of a siinilarity in diemicat 
structure between the blood pigment and chlorophylL The structure of 
the porphyrins as interpreted by the KOster formula has already been 
fully discussed. 

In the aeries of porphyrins obtainable from chlorophyll, Willstatter 
characterized the dicarboxylic acid rhodoporphyrin (II), the monocarv 
boxylic adds pyrroporpbyrin (III), and phylloporphyrin (IV), and the 
oxygen-free compound pyrroetioporphyrin (I). Rhodoporphyrin can 
be converted into pyrroporphyrin by pyrolysis, with the loss of a molecu- 

Fiaeher and SieM, Ann., <•*, 84 (1932). 

• Stcdl Mid WiedwBiMui, Ifahtrwiumueiuiften, SO, 628 (1932). 

* Nwwfci and ZaJtoaki. B«r., 34, 907 (1901). 

"TOBiOtter, Anil.. 878. 227 (1910); 8». 188 (1911). 

Kttat«r, Z, CAm-, OS, 403 (1912), 

>*Biqqw.Serier, Md., $, 839 (1879) ; «, 198 (1880). 

**Sdlunk, Prod. Roy. iSm. (ljoii«to»),00,802 (1891) ; BT, 314 (1896); Ann., SS^ 81 (189^ 
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hx propor&in of oarixm ditoide. Pyixoporphsnrm, in turn, oan be de- 
iOCMa^poeed with loss ol carbon dioxide to 9 ve the oxyg^free, alkylated 
poi^^iyiin (pynoetioporjAyrin [I]). 
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Mefloetioporpb 3 rrin (“etioporphyrin III”), the simplest blood porphyrin, 
differs from this in containing an ethyl group in position 6. That this 
p(»tiQn was unsubstituted in the chlorophyll porphyrins, phyllo-, 
pyno-, and pyrroetioporphyrins, was shown by bromination followed 
by oxidation. Bromine replaces the hydrogen in the unsubstituted 
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position, and on oxidation, porphyrin ring fisdion occuib and brosno- 
dtracotdmide is obtained.^^ 

Hans Fischer synthesized many series of isomeric porphyrins; «nr>nrtg 
these were porphyrins “■ *• identical with rhodoporphyrin (II), f^mopor- 
phyrin (III), ^d phylloporphyrin (RO from chlorophyll. Syntheses of 
ihodoporphyrin and of 6-ethylpyrroporphyrin have already been out- 
lined (pp. 1276, 1290). 

Natural phylloporphyrin, which coniains a methyl group on the 
y-bridge carbon atom (see Fig, 1 for system of numbering), can be con- 
verted into pyrroporphyrin by the action of sodium ethoxide. 

Rhodoporphyrin, as shown above, possesses besides a propionic add 
group in position 7 a carboxyl group in the G-position, which is occupied 
by the unsubstituted hydrqgen atom in pyrro- and phyIlop>orphyrins. 
In systematic nomenclature, rhodoporphyrin is l,3,5,8-tetrameteyl-2,4- 
diethyl-6-carboxyporphyrin-7-propionic acid. 


CHLOROPHYLL a 

Willstiitteris Investigations. Willstatter obtained a number of de- 
rivatives of chlorophyll by the action of add and aUcali. For instance, 
treatment with oxalic add removes the magnesium and yields a waxy 
substance called pheopfaytin (Y). This has no add properties, and 
therefore the magnesium must be attached to nitrogen, and not to an 
acidic group as a salt. Hydrolysis of pheophytin with strong add 
removes phsiol, yielding pheophorbides a and 6, both monomethyl 
esters of ^carboxyhc adds (VII). These can also be obtained directly 
from chlorophyll by the action of strong mineral add. Esterification 
gives the dimethyl esters, methyl pheophorbides a and b. Since the 
pheophorbides are more readily separated into the o and b cconponents 
by add fractionation than are the magnedum-containing chlorophylls 
or pheophytin, the separation is usually carried out at this stage. 

If sections of the green leaves of certain plants (e.g., Heraclewn 
spvniyUuni) are soaked in alcohol, large crystals are developed in the 
chloroplasts; the substance produced was called “crystallized chloro- 
phyll.” WillstStter showed that these plants contain an enzyme, chloro- 
phyllase, which hydrolyzes the phytyl group and replaces it by the alco- 
hol present. The products are now called ethylchlorophyllide (IX), if 
ethyl alcohol is used, methylchloropbyllide from methyl alcohol, Rnd 
so forth. 

** Flacb«r and TreSba, Ann., 4M. ISS (1928). 

** Fladiar, B«rg> and SchonnaUwi Ann., 4M, 109 (1930). 

** FSaolwr and Halbeqtw, Ann., 480, 23S (1930). 
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3il«»e iBBesi^' luui been (kme m the atmctom the o sedes 
“^at the b series for two rrasons: (1) pheopl^rijn a aid eq^iedaUjr 
xoelhsri pbet^iunhide a are more easily obtained pure in the separation 
of the a and b ciaDponeDts; (2) the a series gives eleaner reaoticms with 
fewer decomposition by'^roducts, for reasons obvious later. Chloro* 
phyll a will therefore be oonsdered first. Saponification of pheoffiior* 
bide a or of its with hot alkali yields phytochlorm e (abbreviated to 
dilorin e or ee since it contains six oxygen atoms), which gives with 
(fiaxmimthane a trimethyl ester.*' These reactions of chlorophyll a are 
summarised as foQows: 

VL OUoroiDlvU a 


V. t>lnapivtiii a 



C«Hj,N40Mg(C300CHd 

(COOC„H«) 


atiDnc] add 


vn. rheopborbtde • 



' IX. Etiij) dUoropii/niila a 


'^idd 

CmH»N*0(C»OCH.) CmHmN 40(C00CH,) CwHJIJ.OMgtCXMX®,) 


(CXXX3,.H„) 



(COOH) 

Bol|allcaU 
Vm. Chiodna 

C„H„N,(OOOH), 



(CXX)C,H,) 


1 ^0. 3 


After the brilfiant syntheses of the chlorophyll porph 3 mn 8 by Hans 
Fischer, the relationship of the structure of chlorophyll to the porphyrin 
nudeos and the nature of the latale groups in chlorophyll required elu- 
ddation. The problem was taken up almost simultaneously by Fischer 
and by J. B. Ccmant. A. Stoll aid L. Marchlewski have also made 
ocmtribatiQns. 

The Ph 3 r^ Giotq>. Conant *•’ *• first conectly placed die phytyl 
group in chlorophyn on the propionic add side chain (Fig. 2). Pheophor- 
bide a contains a methoxyl group derived unchanged from chlorophyll a 
(Fig. 3) and a free acid residue resulting from the loss of pbytol through 
hycbolysiB. i^rolyEis, pheophorbide a is converted into pyropheo- 
phcddde « (Xlll)^ which has lost a carbomethoxyl group ( — COC^Hj) 
but still retoins a carboxylic acid group. This last group must be the 
I»t^xbaic acid residue; otherwise it would be eUminated in the pyrolyds. 
Hence the propidlic acid group which survives pyrolysis must be 
esterified with phytol in the chlc^lhyll molecule. 

wkI WtodstnaaB. Ann., 471, 146 (1934). 
tt CoBUt and /. Am. 0>m. &«., U, 868S (tSaS). 

"Conukt, ud XuiMdk«, CMd., W, 3883 (!««)• 
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Tiw Hjdiogon Iodide Seaction. fischer found a mild teag^t for 
the d^;radition of ddorotdiyll in giadal acetic add solutiona of hydrogen 
iodkle at 60® C. By such trealxamt, many chlorophyll datvatives are 
reduoed to coloiiess leuco compounds, which reoxidize in air to por> 
phyrins;*®'®’**'® these, however, unlike the chlorophyll poridiyrios 
previously described, retain the full carbon skeleton of the original com- 
pound. In this manner the pheophorbides give rise to the pheopor- 
phyrins, while chlorin e gives the chloroporphyrins. Thus pheophorbide 
a with hydrogen iodide yields pheopcHphyrin as, C36H38OBN4 ** (F^f. 5); 
this isomer of pheophorbide a (see p. 1306) contains, like the pm^nt com- 
poimd, a carbomethoxyl group and a carboxyl group. Further treatment 
with hydrogen iodide, or the action of hydrogen bromide in acetic 
acid, eliminates the carbomethoxyl group, giving phylloerythiin, 
C38H84O8N4, which is spectroscopically a porph3nrm. Phylloetythrin 
may be obtained directly from pheophorbide o, pheophytin, and the 
chlorophyllides, by refluxing them with 20 per cent hydrochloric acid, 
^w phyUoeiythrin was already known as a biological decompomfion 
product of chlorophyll; Loebisch and Hschler,*® finding it in ox bile, 
called it bilipurpurin, while Marchlewski “ isolated it from the feces of 
herbivora. These biological sources of phylloerythrin convinced Fischer 
that the hydrogen iodide treatment was mild, and that chlorophyll, the 
phorbides, and phylloerythrin were closely related in chemical structure. 

Phylloerythrin contains a reactive carbonyl group which forms an 
oxime, and which can be reduced by the Wolff-Kishner method (hydra- 
zine and sodium ethoxide in a sealed tube) to form desoxophylloery- 
thrin (X), C38H3803N4.“ This last may be obtained directly from 
pheophytin a, by heating with formic acid to 160® C., or from pheophor- 
bide a, by the action of hydrc^n bromide in acetic acid at 180® C.®* 
The two oxygen atoms in this porphyrin belong to a propionic acid 
group. Drastic treatment with sodium ethoxide in the presence of air 
converts desoxophylloerythrin into phyllo-, pjtto-, and rhodoporphyrins 
(Fig. 2). Fischer had synthesized all the posable isomeric tetrsunethyl- 
triethylporphyrinpropionic acids, from which desoxophylloerythrin 
differs in formula by only two hydrogen atoms, but found that they 
differed widely in properties. Fischer concluded that the new compound 

** Fiadber. Mwlca. and meti, aim., iTS, 283 (1930). 

” Fiadwr and B&umleT, Ann., 4M, 1#T (1930). 

** flaober and Stks, aim.. Ml, 226 (1880). 

'* Fiaidwr, Middanhaaw, and Sfio, aim., 488, 1 (1931). 

» Loebiwh and Fiaobisr. UonaM., 14, 336 (1903). 

*• MaicUevtdd, Z. pAytiid, Chem., 43, 464 (1904) ; 48, 466 (1006). 

**Fiai!har, Moldenbauw, and Stka, aim., 488, 107 (1931). 

Fiacher, Qroaariftncar, and Stanglar, aiMk, 483, 221 (1028) ; FfaMdwr, W awhmann . 
and Zaila, amw, 478. 241 (1920). 
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VM A tetjfone^jiyldietiiYlpoiidiyrin^^^ add 'with the additbnd 
0|H« foixoing a fiTe^nembered ring between the r- and 6^>o«tiQns, the 
flOtOolled carboc^dio or isot^dic ring. Such a compound would give 
phyllo- and rhodopcaphyrins on d^;radation. Fischer proved this 
structure (X) by synthesis.** Desoxophylloerythriu can be oxidued 



Fio. 4 

with potasdiun didiromate and sulfuric acid to regenerate phylloery- 
thrin. Phylloerythrin contains a carbonyl group in place of one of the 
CHj groups, mid that this is in position 9 and not 10 follows from its 
aHfRline. decomposition to ihodoporphyrin, containing a carboxyl group 
in podtion 6 (II). 

Tlie structure of pheoporphyrin oj** (XI) is established by its rela- 
taonship to phylloeiythrin and the chloroporphyrins. Pheoporphyrin Oj 
contains a carbomethoxyl group and a carbonyl group. On hydrolysis 
it yields chloroporphyiin ee, so called because its monomethyl ester is 
obtainable by the action of hydre^n iodide on chlorin trimethyl 
ester. Chloroporphyrin e« is rhodoporphyrin-T^aoetic acid; formic acid 
cmiverte it to y-methylrhodoporphjrrin (chloroporphyrin ««), and this in 
turn can be decarboxylated to phyDoporphyrin (IV). Pheoporphyrin 
Os therefore contains the cm-boorclic ring of phylloerythrin with a carbo- 
methoxyl group in position 10. Pigure 5 summuizes these relationships. 
Partial fonnulas indicate the structure of the compounds between 
nudais (III) and the y-metbene bridge. In the erytbjins and the por- 
phyrins, but not in the phorbides and chlorins, the remainder of the for- 
mulas is i^ntical with that of desoxophylloeiythrin (X). Other proofs 
d tile podtion of the carbonyl group in position 9 in pheoporphyrin a« 
and in phyflomytiirin have been found through pmrtial syntheses of 
these aibstaiioes. For instanee, phylloerythrin was obtdned by a con- 
dfiomitimi between positions 6 a.^ y in chloroporphyrin et (ymethyl* 
riux^xirphyrm) tindm' the influoice of sodium etlyrlate.** 

«* fiielMr (Hid BMawlr, 4M. M (IMl). 

** nidiar, MOIbr, and laadiAom, Ann^ m, 164 (1984)^ 
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Fio. 5. The hydrogen iodide reaction.* 


The Carbocyclic Ring. Pyrolysis *' of pheophorbide a in P3ni(iine 
and sodium carbonate eliminates the carbomethoxyl group vsith formar 
tion of pyropheophorbide a (XIII). This contains a carbonyl group in 
a carbocyclic ring, and is spectroscopically a phorbide, but is isomeric 
with phyBoerythrin, into which it is converted by treatment with hydro- 
gen iodide. Phylloerythrin, pyropheophorbide o, and its dihydro deriva- 
tive, mesopyropheophorbide a, occur together as biological degradation 
products <rf chlorophyll in sheep feces.** Alkaline hydrolyris of pheo- 
pborbide a gives cUorin ee (Fig. 3), which contains no carbocyclic ring. 
Its trimethyl ester (XV) heated with pyridine and sodium carbonate 
forms that ring again, giving pyropheophorbide a.** A similar syntheris 

* For m mom oompleto diwusNon, ooiuult the two luminanes fay Fisdter, ilnn., MS, 
17S (1933) ; PwUw LmUim, /• CA«m. Soe., 343 (1934). 

** Fis^WTi Filooff Hogort, and Moldoahouor. Ann., 490. 1 (1031). 

** Fimlwr aod Z. pht/tioL CAcin.. 19t, S3 (1931) ; US, 2S0 (1938) ; Slodwr 

•nd Btedlw. Aid.. KB9, 16T (1936). 

•• Fimim and Siofaid. Ann., 494, 73 (1932). 
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of 1i|e ctubocydic ring ocooib in tbe pyrol]?^ d^oroporphyiin to 
{ilieoporpfayria 05. 

The csrbocyclic rings of pjoopheophorbide a and of phylloeryihrm 
wee tile same; tiiose of pheophorbide a and phepporidiyrin og are also 
id^tlot^. PoEdtion 10, both in certain of the cUoropdiyll porphyrins 
and in pheophorinde a, can be oxidized by iodine.** For example, 
pheoporphyrin ag 'with iodine in alcohol containing sodium acetate is 
ocmverted into the acetyl deri'Tati've of lO-hydroxypheoporphyrin 05 
(XVIII) (in the older literature “neopheoporphyrin Og"), while the sub- 
stitution of sodium carbonate for sodium acetate leads to lO-ethoxy- 
pheopoiphyiin 05 (XIX) (or “pheoporphyrin a«")-“ A series of homol- 
(^us ethers has been prepared by the use of the coiresponding series 
of alcohols in this oxidation.'* Rieophorbide a with iodine in glacial 
acetic add ** giv^ the acetyl derivative of lO-hydroxypheophorbide a. 

-C 

Hjcxxx: 0 

teophorbida a or XVItl. IC-Hydroxyphooporphyrin Of. X • H 

iporphynn Of. X « C,Q|. 

FlO. 6 

The chlorophyllides, methylpbeophorbide, and pheophorbide at 
(Hdinaiy temperatures in an atmosphere of nitrogen form oximes,** 
wUch analyze as substitution, not addition, products, and hence show 
the presence of a carbonyl group. The (Hri^nal compounds can be 
reg^oerated fitHn the oximes, and the oximes are converted by hydrogen 
iodide into the codme of pheoporphyrin Og. The enoUc modification 
nnagt also be possible, since methylpheophorfaide and pheophorbide form 
bmaoyl substitution products, as was ^own by Stoll.** The d-ketonic 
add grouj^ng (RCOCHR'COOCMg) of the carbocyclic ring admits of 
these mocfificatioDs and exjdains the reaction of chlorophyll and the 
{diei^diorbides to add and to hot alkali (Fig. 3). Alkali hydrolyzes the 
ester groups and (^MDS the carbtK^olic ring 'with the formation of dilorin 
e» (Fig. 3); tuad, on the oth^ hand, in addition to hydrolysis of the ester 
grot^, removes Csuboh dioxide from the carbomethoxyl group, leading 
to piiylloerytiiriii. ^Ipcher ormcluded that the carbocyclic in the 

** Fischer, Hedoazte, iu»d Basert. knit., MS, 309 (1983). 

•• Fteehsr sad Beatesier. •••» 280 (1S®8) : Fisdier, Baekinsiar, and adtarar, 
Amm US, IW {m4&i 

** Fiaehar Scfaevar, Am»., SIS, 284 (1985). 

« StoU nd Wiedensaa, Beit. CMm. Ado, IS, 739 (1933) ; 17, 163 (1034). 
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^beoiiboribides (and hence in chlorophyll) is identical irith that of tiie 
derived chlorophyll porphyrins sudi as pl^lloerythrin. 

The Riase Test and AUomerization. Willst&tter found that a char- 
acteristic reaction of chlorophyll, pheoph 3 rtm, and pheophorbide in 
ether solution obtained by the action of cold alcdholic alkali is the se- 
quence of color changes first noted by Molisch (green, then yellow, re- 
verting to green, in the a series). Conant ** found that the first product 
of the “phase test” reaction is an unstable chlorin (WillstStter’s phyto- 
chlorin g) which, on being allowed to stand, is converted into pheopur- 
purin 18 (or purpurin 18) (XXII), a substance with a vivid purple color 
in ether solution and of add number 18. Immediate esterification of 
the reaction mixture converts the unstable chlorin into pheopurpurin-7 
trimethyl ester. 

This phase test reaction was shown by Conant *• to be an oxidative 
hydrolysis, with atmospheric oxygen acting as hydrogen acceptor. Hot 
saponification of either pheopurpurin 7 or its ester gives rise to a new 
chlorin,*®' ** chlorin / (XXIV) (which Fischer later prepared and called 
rhodochlorin). Reduction of this dibasic add with hydrogen iodide in 
acetic acid, and subsequent reoxidation in air, results in the formation of 
the dibasic acid, rhodoporphyrin (II). Since the latter contmns no side 
chain on the y-bridge carbon atom, neither does rhodochlorin. Rhodo- 
ohlorin therefore contains a carboxyl group in the d-position, and a pro- 
pionic acid residue in the 7-position, according to the partial formula 
(Fig. 7). Pheopurpurin 7 CXXIII) contains in addition an of-keto (or 
glyoxalic add) residue on the y-brid^ carbon atom.*®' ** The unstable 
chlorin is a tricarboxylic add or its ketone.**’ ** Its y-monomethyl 
ester has also been obtained udng milder phase test conditions,**' ** 
which leave the 10-carbomethoxyl residue intact. Oxidation of pheo- 
phorbide a with pyridine-permanganate gives the same monomethyl 
chlorin g ** (XXI). The oxidative hydrolj^is of the phase test is there- 
fore an oxidation on Cio (compare lO-hydroxypheophorlnde a [XVII}) 
with hydrolysis of the carbocyclic nag at this point. Chlorin triester 
(XV), but not the non-methylated free chlorin e, gives the same result. 
Fischer’s explanation is that the first reaction on the triester is ring 
closure to methyl pheophorbide a, which can take place only when tiie 
6-carboxyl group is esterified. PheoiHirpurin 18 (XXII) appears to be 

■ Conant Mid Moyor, J. Am. Chem. 3oe., St, 3013 (1930). 

" Conant. WamTUng . and Steela, «id., 03, leiS (1931) ; Steele, ibid.. 03. 3171 (1031). 

** Oonnnt, Hyde, Moynr. nnd Di^ HM., 03, 838 (lori). 

**I>ietonadRoM,tMln00, 160(1934). 

** IlMlwr nod Knlu-, Ann., 001, 209 (1^. 

** nnlMr and Connd. Ann.. 030, 140 (1839). 

*«OoiMttt nad DMa, J. Am. CW », 839 (1883). 
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<«& lod^dnde; 1}ie group on the Y-carbon atom has been furtber 
leaving a Y-oaiboxjd grot;^, whidi undergoes anh 3 rdtizBtaon imtb 
tile B-caibos^d grov^. 



Direct dehydrogenaUon of rhodochlorin; using fenicyanide in an 
alkaline solution at room temperature/* gives not rbodoporphyrin but 
2-vinylde8ethylrbodoporpiQrTin (Conant’s “isorhodoporpbyrin’'; see 
p. 1305), which differs from rhodochlorin by containing two hydrogen 
atoms less. 2-'Vinylde8ethylrhodoporphyrin is readily converted into 
ihodoporphyrin by reduction with hydrogen iodide, followed by atmos- 
pheric ojddation. 

A^^Ustfitter described a reaction of chlorophyll which he termed 
allomeiization. When an alcoholic solution of chlorophyll is allowed to 
stand for some time, the resulting material, “sUomerized chlorophyll,” 
is no longer capable of giving the phase test; from the alcoholic solution 
l!» prq^iaied (phyto)chlorin g. Conant** showed that allomerued 
dhknopbyll, m bjrdrolyris, r^oval of magnedum by add, and esterifi- 
catim with ifiaaomethane, pves the same product— pheopurpurin-T 
tiimethyi est^'— as rtoes the jhaae test. This is in contrast to unal- 
knnexized dilorophyU, which under identic^ treatment yields the 
trimethyl ester at ddom That allomeruation is an oxidadve reao- 
fion was shown by Conant ** using a modified Warburg apparatus; two 
eiiuiv^aits of oxygm are absorbed per mole of chlorophyll. He further 
lotmd that ddorophyll and the pheophorbkles can be dehydrogenated,** 
two equivakats of potaashim molybdicyanide, an^ again plwo- 
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pUTpunn*? ester is obtained. Hence the phase test, allometization, 
direct ddiydro^mation all lead throu^ pheopurpuiin-'7 est&r and 
rhodochlorin to either 2-vinyldesethylrhodoporphyrin or to rhodopoi^ 
phyrin, while rapid saponification, which excludes ondation, results in 
chlorin eg, from which phyUoporphyrin is derived. Hence, aceoKfiiq; 
to Conant," the fundamental nuclear structure of the pheophortndes 
and of chlorophyll a is that of rhodochlorin, which is a 3-vinyldesethyl* 
dihydroihodopoiphyrin. , 

The Vinyl Group. Conant’s view of the chlorophyll nucleus as a 
dihydroporphyrin, and Fischer’s view, based on the isomerization with 
hydrogen iodide, that it was an isomerized porphyrin, were reconciled 
by the later work of Fischer. He established that chlorophyll, the phor- 
bides, chlorins, and purpurins contained (a) an imsaturated side chain, 
viz., the vinyl group in the 2-poBition (Figs. 1 and 11), and (5) two 
“extra hydrogen atoms” on the porphyrin nucleus. If pheophorbide is 
hydrogenated with addition of three moles of hydrogen, a leuco com- 
pound is formed, which upon oxidation in air in an acid medium is con- 
verted into pheoporphyrin as (XI), whereas in a neutral medium, or 
upon partial hydrogenation with platinum oxide or palladium, where 
only one mole of hydrogen is taken up, dihydropheophorbide a (meso- 
pheophorbide o) is obtained.*’*^ Chlorin and purpurin 7 also give 
dihydro (meso) compounds; spectroscopically they differ very sli^tly 
from the parent substance — an indication that the unsaturated group 
involved is not part of the nuclear structiue. Fischer uses the general 
term “meso” for compounds in which the vinyl group has been reduced 
to ethyl. 

Secondly, if the hydrogen iodide reaction is carried out in the cold, a 
series of ketoporphyrins is produced.^’ ** For instance, chlorophyll a 
and pheophorbide o both yield oxopheoporphyrin as monomethyl ester 
("isopheoporphyrin o«" in the older literature), while pyropheophorlnde 
yields oxophyUoerythrin. These two new compounds contain two keto 
groups ea^. On heating oxophyUoerythrin an oxorhodoporphyrin is 
formed; the Wolff-Kishner reaction converts this to normal rhodopop- 
phyrin, hence the oxo group is an acetyl residue ( — COGH*— > 
-CHaCHs). The poation of this residue and therefore of the parent 
unsaturated group was established by the fact that oxophyUoerythrin 
heated in a seal^ tube with concentrated hydrochloric acid (which 
replaces the acetyl group by hydrogen), foUowed by esterification, gave 
a desethylphylloeiythrin and a dcsethylpyrroporphyiin. The lattet 

Ooaat aad Baiky, W. 796 <1933). 

• FiMhac Mid Lakatoa, Xnn., 60t, 123 (1938). 

** BtoQ and WladHUum, Nalunnttiintekafttn, !•, 791 (1032) 

• Flaeliar Mid Biadmair, Ann., 806, 87 <1933). 
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IMHi Meatieal a eyntixeAe 2K!eaeihyl^>ym)|)orpfayTia. Also ih$ 
iMe4%l|&yUo!aythim was reduced to a deaethyldemTOphylloeiytluia, 
aikd tl)is was ktcutieal with one of the two possible synthedo ctaapmmds, 
via., the 2-desethyl,^* Hence the unsaturated group in chlon^yll is in 
2'>poeiti(ni. 

third reaction, that of diasoacetio ester, proved that the unsat* 
mated group is a vinyl residue; this will produce an acetyl group cm 
oxidation (qf. heroin and protoporphyrin, each of vdiich ccmtains two 
vinyl groups |p. 1284, Fig. 41]). Diaxoaoetic ester adds to the idnyl 
group with evcdution of nitrt^en, and, on drastic oxidation of the addi* 
turn ctmapound with chromic arid, one of the products isolated was 
methylroaleimidecyelopitqiylcarboxytic arid (XXVII1).*° 


H|C{CTCH -CH, 

SfOHcooaa, 

S 


H.C 






OzIdtfoB 


H. Bq-<X>OH 


XXVI. xxm. H 

xjxm 

Fia. 8. — ^The diuxoacetic ester reaction. 


The pheopborbidee, the chlorins derived from chlorophyll by degrada- 
tion, the purpurins, and 2-vinylrhodoporphyTin add diasoacetic ester, 
and therefore contain the vinyl group. The oxo reaction is easily ex- 
fdained: hydn^en iodide adcte to the vinyl group, hydrolysis occurs 
with replacement of iodine by hydroxyl, and spontaneous dehydro- 
genation takes place, giving the acetyl residue. 

H H H 

--O--CH 1 — C— CH, -♦ — C— CH, -♦ — O— CHi 

I OH !1 

o 

xxrx XXX XXXI xxxn 

Fra. 9. — The 0 x 0 reaction (a aeriei). 

The Dihy dr oporp h y ri n Hudeiuu Since pheoporphyrin as is isomeric 
with pheopboihide a, the hydrogmi iodide isomerisation must be in 
flffeet a migratioa of two hydrogen atoms from somewhere in the nucleus 
to the vinyl gnwpl! The pcniihyrins which result contain an ethyl 
i<^Hiue in the 2-po6hic^|^ The poation of throe two "extra hydrogen 
atoms” rrosained t^^Jtetormined. Fischer ritowed that in riilorin 
as trimethyl estro Sf rortra hydrogens can be replaced by bydnuQrl 

, Bom, (taro 

^ JIwIm iMd Ur. 2M (UTO). 
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giWipi, dUqrdrazyoblorin eg tiimetbyl ester." Tliis was acMerved 
by oxkbidiig chlorin «• trimethyl ester wirii silver oside in pyridiimx 
nietluuiol*diaxaii. M^oohlorin «« triester and the diazoaoetie doivative 
of chlorin e® trirater ^ve corresponding derivatives. Purpurin 7 also 
gives a dihydroxy derivative. The structure of these is mrat simply 
explained if the extra hydrogen atoms are in positions 6 and 6 in nucleus 
III or 7 and 8 in nucleus IV. Fischer exanoined chlorophyll derivativra 
for optical activity, and not only chlorophyll but also the simple cfalorins, 
rbodo-, phyllo-, and pyrrochlorins are optically active. The corre- 
sponding isomeric porphyrins are inactive. This work gave no conclu- 
sive evidence in favor of either nucleus." 


The products of oxidative degradation of chlorophyll derivativra 
were then studied. KUster found hematinic acid and ethylrnethylmalrimr 
ide (p. 1295). Later work showed that (5-methylpyrrole nuclei with a 
free )3'-po«tion (e.g., pyrroporphyrin [III]), in which the G-position of 
nucleus III is unsubstituted), gave in addition citraconimide." Phyllo- 
chlorin (XXXIII) in the oxidation described above would be expected 
to pve all three degradation products, but in fact gave instead of 
inactive hematinic acid an optically active “acid fraction.” " Oxida- 
tion of pheophorbide a and b, mesopheophorbide a, and purpurin 7 
gave the same result. From this “acid fraction” were isolated optically 
active hemotricarboxylic imide (i.e., a dihydrohematinic acid) and 
traces of hematinic acid. 
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XXXIV. HemotrioarboxsdiiBid*. 


This hemotricarboxylic imide can come only from nucleus IV, carrying 
the propionic acid side chain. The asymmetry of phyltochlprin is due 
solely to the extra hydrogen atoms (pheophorbide a, for instance, has 
another asymmetric center in position 10), hence these extra hydrogmi 
atoms must be in nucleus IV to give an optically active hemotrkiaiv 
boxylic imide. Fischer therefore assigns the two extra hydrogen atoms 
to nucleus IV in positions 7 and 8. 

*• Fiaolwr uid L*utaol>, Sni*., BM, 347 (1037). 

•• by StMle, Cham. Be*., SO, 1 (1037) ; see alao Fiaober «( al„ jin*., SH 

303 (1038). 

•• liadte sad BreitiMn', Xna-, OSS. 1*5 (1036). 

" FiMdMr •nd Wandaroth. Ann., BST, 170 (1039) ; SiO. 140 (lom). 
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Befpwtdiog on the Kesoltisg arrangement the double bonds in tim 
IMOjdQrtin eyetan, the f<»inQla for dbJorophyll a is therefore XXXV or 
XXXVI. Fischer pikers formula XXXV as here oarbocydio rii% 




becomes less stable on eooliaation and therefore more in accord with 
the eiiperiinratal rraulta, e.g., the very easy conversion to chlorin or 
to the jhase test products. On the contrary, enoliaation of XXXVI 
would give a caibocycho ring with two double bonds, whidi would tend 
to stabiliae the system. All the formulas in this chapter have been 
based <« the anmiigeineiit of double bonds in XXXV, but it must be 
remembered that in the porihynns there is no d^nite prcxrf that th« 
double bonds are fixed (p, i2B8). 
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CHLOftOFHm b 

The Formyl Groi^. Chlorophyll b differs from a in that it amtaina 
an oxygen atom in place of two hydrogen atoms.* Conant •• obtained 
from methylpheophorbide 6, by pyrolysis, phase test reaction, and 
saponification, a series of compounds entirely parallel to th<»e in ^ o 
series (Fig. 7). These rhodins, corresponding to the chloiins in the a 
series, still retained the extra oxygen atom and formed semicarbazones, 
indicating the presence of a carbonyl group. Warburg ** also obtained 
carbonyl derivatives in the b series, while Stoll and Wiedemann isolated 
a dioxime of pheophorbide 

Fischer,** using the hydrogen iodide reaction, showed that pheophor- 
bide b and rhodin ffr (analogous to ehlorin ee) gave rise to porphyrins, 
viz., the pheoporphyrin b series and the rhodinporphyrin g series, corre- 
sponding respectively to the pheoporphyrin a and the chloroporphyrin e 
compounds of the a series (Fig. 5). Hence pheophorbide 6 contains the 
carbocyclic ring of the a series. Pheophorbide b forms an acetal and also 
an oxynitrile derivative, while the carbonyl group in the carbocyclic 
ring (position 9) is incapable of such reactions. Further, rhodin g?, in 
which the carbocyclic ring is absent, can still form an oxime, indicating 
that the new carbonyl group is in some other part of the molecule.** • ** 

Chlorophyll b and the rhodins contain the vinyl group in the 2-posi- 
tion, with which diazoacetic ester gives addition products as in the o 
seri^. Hydrogen iodide on rhodin g-j trimethyl ester gives the trimethyl 
ester of rhodinporphjTin g?. This corresponds to chloroporphyin ca 
(XIV) and has the vinyl group saturated to an ethyl group with the 
extra hydrogen atoms. This compound forms a monooxime, hence still 
contains the carbonyl group of the 6 series. Hydrogen iodide in the cold 
(oxo reaction of the a series) gives rhodinporphyrin gg (Fig. 12), which no 
longer forms an oxime but contains an additional carboxyl group. Hence 
the par«it compound has a formyl group. Hydrogen bromide or chlor- 
ide at hi gh temperatures removes the carboxyl group and gives rise to 
S-desmethylphylloporphyiin and 3-desmethylpyrroporphyrin. Hence 
the formyl group is in the S-position, repladng a methyl group of the o 
series.*® 

Further proof was given by the syntheas from substituted pjrtrolea of 

** Co&ft&ty Diots, and WwnaTi J* Jlfa. Soc^ BS, 4436 (1931). 

** Warbuix and Cairiataaa, Bioctem. Z„ SU, 240 tmi) ; Warburg and Negstein,4Uii, 
M4,9(l«32). 

BtoU ^Pl^adanaaii, CAwa. .Acta, W, 466 (1934). 

** Raebw, HandteM, and NOaalar. Ana.. BM. 83 (1933). 

•• Fiaebar. Bnitnar. Handachal, and Nbaalar, Aaa., BOS, 1 (1933). 

*• nMdMr aul Brdtnar, Aaa., BIO, 183 (1934). 



cmASKi (sasMiSTaY 


iShleaa 0 (hyldeB(m>pii}^oe^^ Hub oompotmd Is obtained from 
llie eeter riuxliiqiwrphyrm by reduction, whereby the 3-carboxy] 
Ipraup is reduced to a l^rdrogen atom, and aeain ring dloBore takes i>ia:ro 
between the y- and 6-positions. Altaiaately, pyrolysis of rbodinpor- 
{diyim^ in pyridine effects ting closure wilb formation of pheoporphyrin 
hj (if. et to Osi 1^ &)• If the oxime (on the 9-carbonyl) of h? is heated 
wi^ hydrc^ien bromide, it loses two carboxyl groups, and 3-desmethyl- 
desoan^hylloetythrin again resoltB.^ Hmxoe chloroi^yll b is 3-lormyl- 
destne^yloblon^jiil a. 
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Hie S-fonnyl group can be reduced to the methanol group iritlumt 
affectiiig the vinyl group by the use of aluminum isopropoxide. Methyl* 
phet^horbide 6 ^ves methylpheophorbide h- 3 -methanol ( — CHjOH 
replaces — CHO in position 3 ).® 

The conversion of the b into the a series has been accomplished by 
catalytic reduction in formic add of pheoporphjrrin 6o, the products 
being phe(^rph3rnn og and its reduction product, Q-hydroxydesoxo- 
pheoporphyrin og.® 

PARTIAL STNTHBSIS OF CHLOROPHYLL 

Total Synthesis of Pheopoiphyrin og. Phylloerythrin (XII), which 
contains both the porphyrin system and the carbocyclic ring, has been 
prepared synthetically. To convert this to pheophorbide a requires: 
(a) addition of the carbomethoxyl residue to the carbocyclic ring; 
( 5 ) reduction of the porph3rrin sj^m to the phorbide by the addition 
of the two extra hydrogen atoms; and (c) the oxidation of the ethyl 
group to the vinyl in position 2 . Since, however, the oxidation of this 
ethyl group has so far been found impossible in such a complex mole- 
cule, two parallel series of syntheses have been attempted. The first, 
among the meso compounds, ignores the problem of the vinyl group, 
and is concerned with (o) and (6). 

(a) The introduction of the carbomethoxyl readue to pbylloerytlmn 
would give pheopoiphyrin og (XI), but attempts to do this have met 
with failure. Synthesis of pheoporphynn Cg has, however, been achieved 
from phylloporphyrin (IV), which has itself been synthesized from sub- 
stitute pyrroles. Phylloporphyrin contains a 7-methyl group ( — CHg). 
This was oxidized to the formyl residue ( — CHO), and HCN adds to 
the resulting 7-formylpyrroporphyrin methyl ester to pve pyiroiwr- 
phyrin 7-cyanhydrin methyl ester ( — HCOHC:N).** This, on being 
allowed to stand with concentrated sulfuric acid, is partly saponified to 
the acid amide (— HCOHCONH3). Reduction wth a platinum oadde 
catalyst in formic acid gives the acid amide of isochloropoipbjnfin 
the free porphyrin being obttuned by hydrolysis with hydrochloric arid 
(— CHaCXK)H).* This porphyrin had been previously pr^mred anar 
lyrically from chlorin eg. literification of the latter with methyl alcohol 
and hydrochloric arid gives a diester in which the carboxyl group in the 
6-position is free. This chlorin eg dimethyl ester on pyrolysis loses the 

“ Metteanrai, and Hevfc, Aim*., a«, 164 (IMO). 

*• Fitobw and Onuwl, Ann.. #1^, 1 (IMS). 

M Fiwtiw and fetiw. Ana., •«. 324 (1«8»). , ^ MX 

* Fiaete, Kaun^aaMr. and 8tiar, Ifahtneiumueha/m, IS. W Aww, aaa 

m (tftu). 
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group to give kodilom «4 dimethyl ester, aod catalytic reduo* 
tiim to the leuoo compound, foQoured by reoxidation in air, ^ves riae 
to the correqxnufing (and isomeric) porphyrin, isochloroporphyiin 64 
dimethyl ester (XUn)« 

Fis^ar found m^uis of introducing the formed group into porphyrins 
by trealmg the bemin (complex iron salt) of the porphyrin with unsym- 
mebical diohloromethyl ether in the pres^ce of stannic chloride or 
bromide. In the (ase of isochloroporphyrin C4 ester the formyl group 
enters at position 6, and ring closure with the y-acedc ester side chain 
takes place spontimeously, so that the product isolated is 9 -hydroxy> 
desoxopheoporphyrin as- Oxidation with chromic acid in acetic add 
gives pheopcnphyrin 05.” 



HC^ ‘CH, ““ HC^ *CH, 

HiCOoi H OH HjCOOC 0 

XLT. aBydtro«yia»oxop b »opon*iJTtii a, XL rMoporpbjnn >> 

Fio. 19. — Synthesis of Pheoporphyrin a§. 


(b) Syndiedc Chlotins. The introduction of the two extra hydrogen 
atoms constitutes a synthesis of mesochlorins from the chlorophyll por- 
{diyiins. Synthetic chlorina have been prepared by several methods. 
Hscher ** used sodium and amyl alcohol on porphyrin-iron salts; Trdbs 
and Wiedemann •• and Fischer used catalytic hydrogenation of por- 
phyrins. Pyrropatphyringjvesamesopyrrochloiin.andamesophyllochlo- 
rin has also hhm prepared. The absolute identity of these compounds 
with the oorre^xmding substsnoes prepared analytically has not been 
eeUdiUshed, and m apj^ event the methods of preparation ^ve no proof 
c£ dw podtion t^^dEtra hydrogen atoms which have been introduced. 

•*yisdier uid Ann^ KU. 209 (1035), 

** »selHv sad K&maaa, Ann., n*. 25 (1036). 

** F^itbae sad Hstbarcsr, Awi^ m, 385 (1030). 

** Twite and WMteaaaa. 4,«n., «n. 315 (1«Z0). 

**y(adMr sad Lskstos, iLttn.. WC. 138 (1083); Fteter sad Hsnis, Ann., H0. 286 

(tesn. 
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The next problem is the synthesis of the parallel series of eompouncte 
from a substance already containing the vinyl group, e.g., a vinyldea* 
ethylporphyrin. Several vinyldesethylporphyrins have been prepared 
analytically. As an alternative there is the possibility of the synthesis 
of chlorins directly from substances ampler than porphyrins, probably 
the only method that would give absolute proof of the position of the 
extra hydrogen atoms. 

Introduction of the Phytyl Group and of Magnesium. ^^lUstStter ” 
introduced the phytyl group into pheophorbide biologically by revermng 
the action of the chloropbyllase enzyme. Using phosgene, Fischer"” 
found it possible to esterify pheophorbide a with various alcohols of 
high molecular weight; these included phytol, geraniol, menthol, and 
cetyl alcohol. Thus a 8)mthe8is of pheophytin from pheophorbide was 
achieved, and the synthetic product was in all its properties identical 
with natural pheophytin. 

Willstatter ” prepared chlorophyll from pheoph 3 rtin by introducing 
magnesium through the medium of the Grignard reagent. Fischer 
improved the method and converted methylpheophorbide a into chloro- 
phyllide a,’‘ ethylpheophorbide b into ethyldilorophyllide b,"” pheopor- 
phyrin at into pheopoiphyrin Os-phyliin, and pheophytin a into chloro- 
phyll a.” 

BACTEKIOCHLOROPHYLL AND PROTOCHLOROPHYIL 

Nature appears to produce several pigments similar to chlorophyll. 
Bacteriochlorophyll is the assimilatory pigment of the photosynthetic 
purple and brown bacteria. It differs from chlorophyll o in the 2-poa- 
tion, where an acetyl residue replaces the vinyl group, and it also con- 
tains two hydrogen atoms more than the phorbide system, i.e., it is 
based on a dihydrophorbide or tetrahydroporphyrin nucleus. These 
two new hydrogen atoms are probably in nucleus II in positions 3 and 
4 (and therefore baaed on chlorophyll structure XXXVI), and they are 
easily removed by dehydrogenation. The resultant product after 
removal of magnesium and phytol is 2-desvinyl-2-acetylpheophorbide a 
(dehydrobacteriopheophorbide). This compound has also been obtained 
from the chlorophyll o derivative, chlorin cg, by synthesis.”* The 
relationship can be summarized as follows: ** 

’'t Wilbt&tt«r and Bena. Ann., SS8, 267 (1S08) ; WUlat&ttor and Stoll. Ana., SSO, 14S 
(1911). 

” Fiaeiier and Sehmidt, Ann., SU, 244 (1935). 

” WUlBt&ttor and Fniaen, Ana, IW, 180 (1913). 

Fuohar and SpielbeiwBr, Ana, 819, 156 (1934). 

’* Fiadwr and StdalbaiiMr, Ann., 815, 180 (1835). 

” BiaolMr and Qoabal, Ana. MA 269 (1936). 

” Fiwdiar, T “'*f***' i and Lin, Ana, 584, 1 (1988). 

* Rtecbar. OaiMehar, and Albert, Ana, 888. 128 (1989). 
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VheapMiMa o ^ c&kdn <• 3/ie-tynlroxyclkloi^ «• ^ 
2-aoety]eh]i(BiD (it 2-deevin3^<3‘Mei7}{^eo|)lusrbide a 
(dehydrobaoteiioidiftoirfiorbtde) 

Protoohlorophyll is present in pumpkin seeds and the rinds ol 
gourds. Noaric and Kiessling ” showed that it was a poiphyrin. StoU 
and Wiedemann suggested and Fischer established that it is a 
derivative of pheoporphyrin 05 (XI), viz., the phyllin (i.e., the mag- 
nesittm salt) ol 2-vin;^deeethylpheoporph3rrin og phytyl ester. Pro- 
toddorophyil is optically inactive althou^ it contains a potential 
asymmetric center at Cio. This is additional proof that the asymmetry 
of dilorophyll resides in the 7 -, S-poritions. 

A complete solution of the exact structure of the chlorophyll mole- 
cule would further the elucidation of the photosjmthetic process in 
plants and also of the newly developing field of chlorophyll therapy. 
Oblon^yll may act in photosynthesis in two ways: (1) as a pigment, 
absorbing solar energy in the form of certain wavelengths of light; and 
( 2 ) as a chemical compound. The possibility of (2) entering into the 
photosynthetic process depends on: (a) the reactivity of the molecule, 
e.g., reactive hydrogens aitd the ability of the magnesium to form salts; 
and (h) the physical state of the chlorophyll, i.e., whether it is in colloidal 
form or adsorbed on colloidal surface. A final solution of the molecular 
structure of ch]oroph3dl will help to solve (a) and may give indications 
of ttie relationship or interconveraon (if any) between chlorophylls a 
and h in the plant. Chlorophyll and hemin are closely related. Chloro- 
phyll breaks down in the animal digestive tract to porphyrins, and at- 
tempts have been made to cure anemia (due to lack of pigment) with 
dilorophyll and its derived porphyrins. Again, recent medical research 
has diown that chlorophyll in contact with living tissues (and therefore 
in ooOmdal larmT) is a bactericide; this may be directly related to its 
alnlity in jdant tassues to break down carbon dioxide urith the release 
of omseu. 
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THB AHTEOCTAlimS 

Xntroductkm. The pigments of plants are roi^y divis^le into two 
major dasses.^' *’*'** * The'plas^ pigments represent one group/ 
They are assodated with the protopla^c structure of the plant. The 
seocmd gnnip consists of those pigm^ts which generally exist in solution 
in the oell sap. These pigmente belong to a group of glycoddes deedg- 
nated as “anthocsranins.” *• * The innumerable shades of blue, purple, 
violet, mauve, and magenta and nearly all the reds which appear in 
flowers, fruits, leaves, and stems of plants are due to anthocyanin pig- 
ments. The sugar-free pigments or aglycons are called anthocyanidins.* 
Although it is held that the anthoc^anins are usually dissolved in the 
oell st^, they can also occur in an amorphous or crystalline state as in the 
DdjMnivm, spp., Passiflora spp., Rtima q>p., and others. 

The pioneer researches of Willstatter and bis students *’ ' made it 

dear that the numerous individual anthocyanins contain similar nuclei. 
The wide variations in color are due to sli^t alterations in the molecule 
which do not afiect the basic molecular skeleton. Thus, the antho- 
cyanins represent a chemical class of natural products, in the same 
sense as the fats, carbohydrates, or proteins represent distinct 
dasses. 

The Basic Structure of die Andiocyanins. Willst&tter’s success *’ ' 
with these plant coloring matters w'as to a large extent due to his early 

* Ri^, “Die Cbemie der natOriichea FarbetofTe," Vieweg und Soho, Braunaohweit 
(1800), Vol. I; (1909). Vol. II. 

* Mayer, "Cbemie der orsaniaebeo Farbetoffe,’’ 3rd ed.. Springer, Berlin (IBSS), Vol. 
n. pp. 134-USO. 

* Ferkm and Everest, "The Natural Oraanic Colouring Matters,” Ixincmaos, Gremi 
and CVi., London (1918). 

*WbeldaIe, "Ths Anthocyanin Pigments of Plants,” University Press, Csmbridge 
(IMS). 

* Kaner, “Handbudi der Pflamenanalyse." edited by Klein. Springer, Vienna (1932), 
Vol. ni, VP- 941-984. 

^Tim tenn “antitocyan" is derived from the Greek roots signifsdag reqjectivdy 
‘‘flower'’ and “Une." It was introduosd by the botanist Marqoart in 1835 to designate 
the blue pigaumts ot floweia. Siortly thereafter the belief developed that the red and 
Une i^^nents were merely differMt forms td the same substanoe and that thdr different 
ei^wa ware due to vsHaticnm In the oharseter of Uie cell sap; eonaequently, the use of the 
term was mtaoded to indude ail the eolubte pigmente of this group. When it was learned 
Uiat tlmee ^vaents gre ahreye oomHnnd with ngan, and thtu ooour an giyooddee, the 
ending “ill" WSS attMlwd. 

* WmsMtter, SMtr. pmm. iUod. Wms., S». 402, 709 (»M) ; also Ber., 47, 2865 (1914). 

*Wiflsttttsr Mtd eo-wmkms. Ann.. 4H, 189 (1918); 408, 1, 15, 42, 81. 83. 110, 147 

(IMff) : 4U. 113. 137. 140, 164. 178, 195 , 217, 231 (1916) ; Btr^ 67, 1938, 1945 (1924). 

*Boi)iiisoa, JVomwMsmaeM/lsn, M, 612 (1^). Summaiy M PtotaKar R. WiU- 
•litter’e investiggtioiH on the atdb/Kfaim. 
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recognition of their {unphoteric nature. They are capaMe of fcnrnung 
salts with both acids and bases. The salts formed with adds were first 
lecc^nized as oxonium salts of the type known as flavylium salts. The 
methods of isolation and purification employed with these {figments 
rrat on this basis. 

The fundamental parent substance of the entire group is the hetero- 
cyclic nucleus known as benzops^rylium chloride (I) discovered by 
Decker and von Fellenberg* which they formulated on the basis of 
the oxonium theory.* By substituting a phenyl residue in position 2 
of the benzop 3 Tylium chloride (I), 2-phenyIbenzopyTylium chloride 
or flavylium chloride (II) is obtained. The placement of hydroxyl 
groups in positions 3, 5, and 7 yields 3,5,7-trihydroxyflavylium chloride 
(III), the simplest intact structural unit of the anthocyanins. In fact, 

* D^kdr ftnd von Ann.^ 36^, 1 (190S)> 

♦ Tho propertioa and methodfl for the eyntbeeis of benaopyrylium aalts have beoi 

reviewed by Hill IChem. Ret., H. 27 (1936)]. Both HiU and DUthey and cowotIuot 
y. jaokt. CKm.. m, r « iwas)-, Bu.. W, 2tl82 have pointed out 

the diiodvantagee of the oxonium salt theory and have suggested that the compounde 
are carbonium or carbenium salts. 

Recent work by Shriner end MoSFett (/. Am. Chan. Soc., 61. 1474 (1939); 6J, 2711 
(1940); 68. 1694 (1941)] has ahown that beasopyryhum salts differ markedly from the 
true oxonium salte of ethers and y-pyrones. They resemble the carbomum sslte derived 
from triarylcerbinols. AU the properties, degradation products, and synthcees ationg^ 
suggest that carbon atoms 2, 3, and 4 of the benxopyrylium salts constitute an allyUc 
system; 



The activity of the chlorine is further enhanced by the fact that the of th^ 
tures is an a-chloroether and the second is a vinylog of an of-cbJoroether. (^nduob^ 
measurements show that in n.trobenaene solutions the chlorides are lom*^ to about 
3 to 10 per cent and that the perchlorates are about 60 to 80 per rent dictated. Hen« 
the salts represent a special caeo of the aUylic system in which the chirf reaonatmg car- 
bonium ions ate: 

^ O + 



/ ■> 

The anion, nmy be Cr. Br-, I’, (CIO*)-, or (Fea,)-- The 

nolyhydnacr (and -methoaty) flavyUum aalta oontiun the above etracturaa tat beemiw 
of tta hydroxyl groupe may tMtomer^ to “ 
simiu, to that ahown by the hydroxytriiphenylmethane dyee ihea^ 
vtowpoiat ww preMotad hy Ptofeasor Shriner at tho Ninth Orgawe Chamiatry Symptoiom. 

Ann Ariwr. HkUcaa (IMl). 
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•a tlie ffiKabesB ol this group found to date can be legEvded ae po^- 
lqi«dra(]Q^>a>j]|ta:ydben^ salts. 
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The T^pe Groi^ of the AnduxTanidins. llie investightions of 
WiHst&tter,*' * Karrer,* and Hobinson *• “• **■ “ have shown that 

there are ax type groups of the anthoeyanins to which the various indi- 
viduals can be referred.* These groups we known respectively as 
pelargonidin (TV), cyanidin (V), delphinidin (VI), peonidin (VII), 
malvidint or 83nin9din (VIII), and hirsutidin (IX). It is to be 
observed that pdargonidin (IV), eyanichn (V), and delphinidin (VI) are 
the fundamental types of the class, wboeas peomdin (VII) is a mono- 
methyl ether of lyaaidin, and malvidin (syringidin) (VIII) and hirsutidin 
(IX) are respectively the di- and trimethyl ethers of delphinidin. All 
the l^pe groups have been synthesized by Robinson and his co-workers 
through methods that leave no doubt as to the v^dity cd their 
structure. I 



X B 49 M 1 UOB. Nabtn. ItT, 94 (1936) ; Ber.. fTA. 85 (1934). 

** KoUnaon. Naturt (Ro^ Jubilea Njnshar). U5, 732 (1935). 

XRobinacm. J. Ckem. Jnd., M. 737 (1933). 

** Robinaim. Praaidant'a Addraaa, Saetion B, (Thcniatrv, BiiUaii Aaioeistion for tbe 
A4V8t>c«aBeitt of Seisnoe; ravriatad in yntura, Ul, 635 (1933). 

* Tbe (fan aw aaiu^y daaiKnatwd by root nanaa d^vod from Uw Lotin botanical 
amnendaUtra. 

t MalvU&a ia alao eaUad ^rinsidin ifnoa it yiaida as^ringte add on dafradation with 
dfl^ aQuB. 

t It ii a Twnarlaifa tact that abaoat tba wbida raoca of ant&ocyanSn piamanta 
floiram, bruita, and blniSB«na la derived from the three fundunantal anthoojmaidin typaa, 
tf, V, VI, br vaiAia aubedtuUona in the Iwdraxyl iroiui. However, aome emp- 
ire eaiat. 'Aa hlaaft tattMnyaaina in tha beat, for laataaoe, orighwlly iadtitad hr 
Wttrikttar, era okropHthtia pigmanta (aea Robinaon and Rohinaon. /. Cheat. Bee., 14M 
» 26 1198^; 446, 849, 453 {1987]). 
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Cl OH 



VI 

Detphinidifi 

,5,7.8'iVr6 •beuhydrozy*2« 
njrlbmMpyrylium cUoridel 



VIII 

MaMUa (tyrin^dio) 
(3^«7,4'«t«traikydron^ «5'- 
diniethoz^-^'pMiDylbukM- 
pyryiuun chlonds] 


Cl OCHi 

“CCcP” 

HO 

VII 

PaOQM&I 

13,5,7 .i'-tetrahydroz^-d'-metliosy* 
^pheDylbenaoj^iylnnn dilorida 


Cl OCH» 



DC 

Hirtutidm 

[8,6,4'-trihydirOTy‘7,3',5'-tri« 

nM4aoiy>2*p&«iyTb«iikB(^yr^iiim 

chlond^ 


The Glycosidic Nature of the Anthocyanins.^' ^ All the 
members isolated so far yield in addition to the anthocyanidin a su^ 
(p. 1572), or several sugars, when boiled for a short time with dilute 
mineral acids. The greater number of the anthocyanins fall into a com- 
paratively restricted number of categories with the sugar reridues 
attached to the 3- or 3,5-hydroxyls; thus (a) the 3-monogluco8ides and 
S-monogalactosides; (b) the S-rhamnoddes and other 3-pentodde8; (c) 
the S-biosides; (d) the 3,5-diglucosides; and (e) the acylated anthocy- 
anins. The anthocyanins of class (d) are the most widely distribute 
and best-known members of the group. Pelargonin, the 3,5-diglucosi4t 
of pelargonidin (lY), the pigment of the scarlet pelargonium and poe* 
sibly the first member of the soluble pigments to-be obtained in a 
talline condition,^* *' belongs to this group, as does cyanin, isoliiwi 
by WUlstatter in 1914 from the cornflower. Pelargonin, cyanin, pemup, 
malvin, and hirsutin have been synthedsed by Robinson.*® 
anthocyanins, ddpbinin, gentiamn, monardaein, and saivianin, 
instimce, 3 deld, in addition to the pigment and the sugar or sugars, a * 
third component which is invariably an organic add. Th^ reptesmt 
the acylated anthocyanins [group (e) above]. The acids found so far 
axe p-hydroxybensoic, malonio, p-hydroxycinnamic, and p-eoumaric add 
(see the work of EAtrer *’ **). The add radicals can be dther in ester 
oombmatitm with one of the hydroxyl groups of the {figment nudeus, 
or attadmd to an hydroxyl of the sugar component. The hydrolyds ol 

^ KmvM!' MMTorinBV, Chinn* Aeta<« M,67, 739 (1927); SS» 29(2 (1030) ; fiW 

(1933). 
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aosie n{]a»sraitatiTie aathoqyanins is Uhisbtited in the foUoMiiiig equa^ 

CtfHjiOijCI + 2H|0 “♦ CuHiiO»Cl + 2C6HitOe 

PelMBoniB aUoride PsUtsoBldiB GHomin 

<ihIorid» 

CigHtiOitCl + 3H|0 — ► CnHiiOrCl + C(HiiO< + C«HtOt 

tUoride Daiphlnidln OluooM T-Coumarie 

enlomle acid 

CiiHjfOiiCl + 4HjO — * CisHnOxCl -|- 2CeHi]06 + 2C7H(Of 

DrilAinin ohlotide Odphinidin OtueoM p-Hydrox);- 

obIotmIb bascoie 

Ttte Degradation Products of fte Anthocyanidms> ’’’ The occur* 
pence of the 2>phenylbenzopyiyliuin nucleus (II) in the various antho- 
cyanins was origmally established by Willst&tter through an alkaline 
fusion of the sugu^free pigments.* When the empirical formulas of 
the three parent classes are compared, it becomes evident that they 
differ from each other by a single oxygen atom, as represented below; 


Peiargonidin chloride 

CuHnOtCl 

or 

CisHtOCUOH)* 

Cyanidin chloride 

Ci»HiiO»Cl 

or 

C»H.0C1(0H)6 

Delphinidin chloride 

C,»HuO,Cl 

or 

CuH*OCl(OH), 

These three anthocyanidins 

degrade upon 

fusion with potassium 


hydroxide into two simple products, one of which is a phenol, the other 
a phenolcarboxylic add. The phenol obtained from each of the three 
homologous anthocyaoidins is the same, namely, pbloroglucinol (1,3,5* 
trihydroxybenxene) (X). The phenolcarboxylic acid obtained from the 
amplest antibocyanidin, pelatgonidin (IV), is p-hydroxybenzoic add 
(XI); that from the next simplest, cyanidin (V) is 3,4*dihydroxybenzoic 
add or protocatechuic add (^I); that from the third, delphinidin (VI), 
is 3,4,5-trihydroikybenzoic add or gallic add (Xlll). 

The rdationi^p of the phenol common to the three |»rent antho* 
cyankhns and the respective phenolic achis is illustrated in the scheme 
shown cm p. 133(i. 

Method introduced by Paul Kwrer in 1927 *' “ for the purpose 
estabhshing the predse nature of the phenyl residue in position 2 and 
tim pojnta of UakikAe of the sugar residues have proved fruitful imd 
Prim' to Karror’lB work the position the methoxyl residues 
in tho antboeyahkfin grtnips VII, VIII, and IX was not known, since 

* St^flanMDtwjr evkhnes isdiosted that Um aotltocyankini* imntaia tlw 
% ^llii ; ^ b M aoprlf i r 8 w n ii an«i«as vm the ndw^ioa (ta w&iv), of the flavowil quenetln 
.^llPPCIV) to egwaidia (XXV). See ntenee S. 
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the concentrated alkali employed to degrade the pigments also removed 
the methoxyls. The position of the sugar residues was likewise an open 
question. Karrer’s degradation of the sugar-free pigments with dOute 
barium or sodium hydroxide (10 per cent) in an atmosphere of hydrogen, 
which yielded the phenolic acid with the methoxyl groups intact, was, 
therefore, a significant advance. The results obtained by this method 
were confirmed through a second method wherein a degradative oxida- 
tion with hydit^n peroxide was first employed to open the ring of the 
anthocyani^ between carbon atoms numbers 2 and 3 without removing 
either the sugar residue or the methoxyl groups. The resulting inters 
mediate, which was obtained from noalvin,* could subsequentiy be 
quantitatively hydrolyzed with dilute add or alkali to the correspon<fing 
methoxylated phenolic acid, e g., syringe acid. The derivative of 
phloroglucinol, which might be formed in this hydrolyds from the 
various methoxylated antiiocyanidins and which would contain one of 
residueB and an acid side chain, has so far not been isolated in 
a aystailine condition. 

The oouree of these degradations can be illustrated with the difdueo- 
mde, malvin chloride (XX). Starting with malvidin chloride (VIH), 
with dilute alkali gave on the one hand phlort^udnol (X) 
and syrinpo acid (XV) or 3,&^iiinethoxygallic add. Ihe oxidative 
with hydro^ peroade tranrformed malvin chloric (XX) 

* Th» eoRMpOMUai swap have wt IjMn 
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m intermediate malvon, whose exact oonstitutwn is not known, but 
may be represmited either by the structure XlVa or XIV6. 

/‘ff* malvon is XTVa, degradation with dilute sodium hydroxide 
vmuld yield syringic add (XV) and a derivadve of phenylaoetio add 
(XVI), 2-gluco8ido4,6-dihyclrox3rphenylacetic acid (not isolated). If 
XrVb is the ctarect structure for malvon, syringe acid (XV) would 
likewise be formed and a derivative of mandelic add (XVII), 2-glucosido- 
4,6-dih3^droxymandelie acid (not isolated). As the structure of S 3 Tingic 
add (XV) was known from previous studies in the tannin group, the 
podtions of the two methoxyls in the 3',5'-po8itions of malvin are estab- 
lished. The structure of the two phloroglucinol residues (XVI) and 
(XVTI) is still an open question since neither has been isolated, nor 
have they been prepared through independent syntheses. 


Cl OCH, 


0 OCH. 


XT +Hoi^OH 

OH OH OCH| 


VIII 

MalriSin chloride 


X 

Phloroglucinol 


XV 

S3'ringic gold 


^ OCH. 

O • CeHiiO. 


O'CtHiiOt 


XX 

MaMn ohlorida 
[oxidative 
degudetioa] 


1 
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AiM>ther mode of attack introduced by Ksrrer** involved tbe 
met^lati(m of the anl^ocyanins themaelves, which was followed by, a 
subsequent removal of the sugar group and the identification of ^le 
unme^ylated position which it originally occupied. It was lastly 
through these approaches that the location of the sugar residue in the 
monoglyoosides was allocated to the 3-hydroxyl position of the antho- 
cyanidin nucleus. 

Karrer’s work in conjunction with Rolnnson’s synthetical approacdi, 
which was being made at about the same time, eventually led to the 
conclusion that the second sugar residue in the diglucosides occupies 
position 6 most generally. The total synthesis of malvin chloric 
(XX) realized by Robinson represents the crowning achievemrait of 
this phase of the anthocyanidin studies (see p. 1324). 

General Methods of Synthesizing the Anthocyanidins and the 
Anthocyanins. The constitution originally assigned by Willstatter to 
the three parent t 3 rpe 8 of the class, e.g., pelargonidin (IV), cyanidin 
(V), and delphinidin (VI), has been confirmed through syntheses carried 
on independently in the laboratories of Willstatter *’ ’’ and Robin- 
son.*’ *• The resulting synthetic specimens have been care- 

fully compared and identified with the natural products. The two gen- 
eral methods that have been employed are; 

1. The addition of aryl Grignard reagents to coumarins: 



H 


2. The condensation of o-hydroxybenzaldehydes with appropriate 
ketones followed by ring closure: 

O X 



H 

Willst&tter • used the first of these methods in the synthe^ of pelar- 
gonidin and cyanidin. Robinson “ has emplo 3 red the second method 
with eminent success in the synthesis of all the anthocyanidin ^qtes. 
A The total synthesis of several naturally occurring anthocyanins* 
1^ Robinson and lus school **' “ represents an even greater adaeve- 
ment tium the synthesis of the ax type aothocyanuhns. The ga^nl 
** Bobtnam wd oo-eorkani CA«m. Soe., 3006, 3701 (lOSl) : 33M (ISKi). 

* TImm Ihi ehrywntlMKnin. oeoin, p«Urtonin, cymain, and malvio. 

** i^bissoa ud oo-WQcfaaia) Aid., tlS, 18S (1034) ; laT, 160 (lOaq, MOB (19BB). 
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paoeedore Robioson’s method is illustrated by the synthesis of 
the 3,&<diglucofflde of malvidm, wMeh occurs in the '^d mallow 
«nd in certun primulas.^' 

Midvidin is 3,6,7,4'-tetrahydroxy-3',6'-dimelhoxy-2-phenylbenzo- 
pyrylium chloride (VIII). The syntheas of the digiucoidde mal'^ was 
accomplished in the following manner. The 2-C)-acetylgluco8ide of 
l^oK^ucinaldehyde (XVIII) (2-O-tetraracetyl-;3-gluc08idylphloro- 
^udnaldehyde) was condensed with «-0-tetraracetyl-(3-glucosidoxy-4- 
iu»toxy-3,5-dimethoxyacetophenone (XIX) in dry ethyl acetate solution 
with hydrogen chloride.* The resulting condensation product was 
treated with barium hydroxide to remove the acetyl groups from the 
sugar residues. Then the flavylium salt, malvin chloride, was generated 
by treatment with hydrochloric acid. No divergences in the properties 
and behavior of the natural pigment (isolated by Karrer) and the sjm- 
thetic could be detected. The important reactions involved in this 
synthesis are presented structurally in the scheme below: 


MeO „ 

MeCr 

AcBtykTrinfoyl* 

ohloiidB 


MeO 


MeO 


» AcO^^ CH»OH 




M. 

w-Di&«o-4-ftcetoxy- 

3,&<iiin«thoxyMetophenoDe 


HsO 


Meh 

•■^Hydroxy-4-acetoxy- 

3,5'<iimethoxyaoetoph«noDe 


p-hromo 


+ 

ftcetyl glucoae 



Phloro- 

idttetaalddiyde 


Malxii 


XVIII 

2-0-tetra-ftoetyI« 

^^ucoeidylphloro 

gluciAaldehyde 


XIX 

ohO-t«tra-aoetyl- 

^•gluooaidoxy-4-ac&> 

tozy*3t&>dii2iethoxy- 

acetophenone 


Ba(OH)t 

deaoetyla^<m 


HCl in ethyl acetate 
Acetylated i^vin chloride 



Ocnesil Fieperties and Isolation of the Anthocyanins.*' ” As 
aii^t be expected from the usual occurrence of these pi^ents in the 

*’n>» letter u (mbAco) i« tiaed to denote e eubetituent at Uie end of any jihain. 
»{toUiaite> BAbbum, Steetem. M, 1687 (1931); U, 1647 (1^; 17, 206 
ai« 1661 and Sturgeea, and., sa. less (ISSS). ^ 
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plant cell sap, all members of the group are soluble in \ra.ter. They are 
also Quite soluble in the hydroxylic solvents, but they are insoluble in 
such non-hydroxylic solvents as ether, benzene, or chloroform. Since 
they cannot be extracted from the plant tissue by means of the volatile 
solvents, special means of separating the accompanying water-soluble 
substances had to be developed. 

Willst&tter *' ^ recognized at the outset that these pigments are 
amphoteric substances and that they form true oxonium salts with acids. 
These salts are remarkably stable and have extraordinary crystallizing 
properties. Consequently, in the final stages of the isolation, the pigment 
is usually converted into its hydrochloric or picric acid salt. 

The isolation of a member of this group usually proceeds along the 
following general lines. The pigment is first extracted from the plant 
material with methyl or ethyl alcohol containing hydrochloric acid. The 
crude chloride is then precipitated with ether. It is purified by redis- 
solving in aqueous hydrochloric acid; a suitable quantity of alcohol is 
added and then ether to effect a reprecipitation of the salt. The final 
recrystallization may be done with alcoholic hydrochloric acid or aqueous 
alcoholic hydrochloric acid. 

Karrer has shown that at least some of the anthocyanins obtained 
by the above procedure can be purified through the use of the chromato- 
graphic adsorption technique of Tswett and that certain pigments in 
this group heretofore regarded as pure are mixtures containing traces of 
other anthocyanins. 

The acid salts of the anthocyanins and anthocyanidins are usually 
red; the metallic salts with bases are blue. In the neutral state the pig- 
ments are purple. Thus, cyanin, the pigment of the blue cornflower 
and of the rose, is red in solutions of pH 3.0 or less, violet at pH 8.5, and 
blue at pH 11.0. The red, violet, and blue forms are the oxonium salt 
(XXI), the color base * (lOQI), and the salt of the color base (XXIII) 
(after Willsta.tter).t 


Cl OH 




XXII 

Color bate of oysnu 


^ Kaitw And eo-worlcsrs, Chim, Xcfa,. 19. 28, 1025 fl936) . 

* A* vet ndlpvidwuw exists in ressrd to tbs assumed ppution of qui n opoid gTOin^ 
and tbe aoMip bydrozyl. 

t For (flir methoda of formulating the sidte and pseudo-bases through otitsr ihsories 
8ee^f<M|noie * on p. 1317. 
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Skit of tbs eolor bus of c^anfs 


# 


AbvoilMjon Spectra, of the Antiiocyaoldins. The anthocyaiudins as 
as all the anthocyanioa studied so far have strong aWt^ition 
powers over the range of 6000 to 2000 A units. The absorption spectra 
(p. 1783) of the sugar-free pigments and the glycosides of the {ngments 
are approxiiaately the same. A nui.YiTinnm absorption, the cause of the 
color, lies in the visible spectrum. All members examined also have a 
band that lies in the vicinity of 2700 A. The absorption spectra of the 
chlorides Of three anthocyanidins ((x^ncentrations 0.0001-0.00004 molar 
ui ethyl aloohol) sue presented in Fig. 1. (After Schou.‘*) 



\e000 5500 5000 4500 4000 3500 3000 2500 200oA 
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\ Pia, 

lectors Affect the Wm AsSho^^aoin P4;men.t8 in Hant 
Studies by the Botnnsons^ have led' to the behef t^^.the miun 
factors the colors of the anthocySnin pigments in tire cell sap 

are: (1) ^ae nature and concantndioa <rf the anihocyanms and other 
’tidorad nibetaitoes {oesiet; (2^*the state •ti aggr^tian^if the antho*' ^ 
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cjranin ia Kdution, v^ch is determined in port by the pH of tiie cell Ba|> 
and the presence or absence of protective colloids of tte polysaccharide 
group (the pentosans); and (3) the presence or the absmee of co-pig- 
ments (the tannin and Savone glycosides) and possibly also the effect 
of alk^oids (p. 1166), of traces of iron and other metals that fonn com- 
plex combinatioi]^. 

fee Occurrence of the Anthocyanins.*’ *• ” Over twenty glycondic 
combinatjjpns of the various anthocyenidins have been, isolated from the 
fioweis and fruits of plants. The anthocyanins usually occur as mix- 
tures, and the amount in the various flowers varies over a wide rar^. 
Thus, the cyanin of the blue cornflower represents 0.75 per cent of the 
weight of the dry petals. In certain deep red dahlias this pigment 
comprises over 20 per cent of the dry weight of the petals, and in the 
dark blue pansy the anthocyanin content (violanin) is approximately 
33.0 per cent. 

The Robinsons have made an extensive survey on the occurrence 
of anthocyanins and have developed means of detecting qualitatively 
the type of anthocyanidin derivative that an extract of the plant tissue 
in question might contain. In some instances they have been able to 
distinguish the nature of the sugar residues (e.g., methylpentose or aldo- 
pentose) attached to the pigment. 

The methods have been developed from an exhaustive study of the 
chemical behavior of the pure anthocyanins and anthocyanidins iso- 
lated either from natural sources or prepared synthetically. The basis 
for the methods are the characteristTc color reactions given by the antbo- 
cyanins with alkalies and ferric chloride and the distribution coefficient 
of the anthocyanin between immiscible solvents. The tests employed 
are: 

1. Oxidation test. The addition of 10 per cent aqueous sodium 
hydroxide to a dilute solution of the pigment which is then shaken in 
the presence of air. Petunidin and delphinidin are destroyed at once; 
the other members of the group are relatively stable. 

2. Extraction with amyl alcohol; addition of sodium acetate and a 

trace of ferric diloride. Characteristic color reactions are observed. 
The colqr is pw^icula^ly proii||f^|used if cy^ffin is present. The violet 
amy l alccdiol solution chaa^fe to a pur| bhie in the last stage of tiie 
reaction. Felargonidin, peonidin, and c^vidin do not ^ve the ferric 
chloride t^. J . 

3. Distribution between 1 per cent aqueous hydrochloric add and a 

.mixture of anisole (5 volumes) and etfayf isoamyl ether (1 volume) con- 
taining fi ^ extracted by 

the scdvent layer; petuhidin is taken up to ^anoe extent, cyaniffin 
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A ixminderable exteot, whereas maividin, peonidin, and pelatgomdia 
«ie eonopteteljr extxaoted if the solution is suffid^tly dilute. 

4. I^strUiatiQn between 1 per cent hydrochloric acid and a mixture 
el cyddiexanol (1 volume) and toluene (5 volumes). Delphinidin and 
petunidin are not extracted, malvidin gives the organic solvent layer a 
Akint blue tint, cyanidin a pale rose tint, while peonidin and espedally 
pdargcmidin are extracted to a considerable extent. 

Hie above tests are readily applicable to crude extracts, for usu^y 
fflttly one pigment is involved in the production of the color in the plant 
mateiial extracted. 

The Relathmsh4> of the Andiocyanidins to Other Classes of Plant 
Products.*' “• **' **’ ** The anthocyanidins represent a class 

of substances which from the standpoint of degree of oxidation lie inter- 
mediate between the davonols and the catechins. This is illustrated 
by a comparison of the anthocyanidin cyanidin (XXV), to the flavonol 
quercetin (XXIV), and to d,l-epicatechin (XXVI). 



XXVI 

S>£|d(»teefain 


In fact, cyanidin has been obtained in vitro from quercetin, by means of 
redaction with magnesium in aqueous methyl alcoholic hydrochloric 
acid solution,* and the reduction of cyanidin to ci,i-epicatechin has also 
bem realised.*® The reverse reaction, that is, the oxidation of the less 
osddized substanse to a bigh^ stage of •ndation, has so far not been 
achkved. * ■ 

The successful oonvertion of a widely distributed anthoxanthin 
(quercetin DCKlV]) into a widely distributed anthocyanidin (cyani- 

*® sad etyworh^ Ann.. 4M, ISS (1925). 

« WhriK'lVdam, 119, 801 (ISSS). 

“Baoaat Advaaoet in Orcsnio Chemistzy," L ongm a n i , 0tMia and Co., 
iepflaa (1030), oth ad., Vol. tl, Cbai^ vn. 

^N*hoUaian sad Nature, IM, 21 (1982). 

^ AtitoUMoa, ibUn UT. 173 (1086). 
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tXXV]) has led to iqiecula^ons that eomilar reactioQS occur in 
tli8 plant and indicate the ooiirse of the phytoohemical sjmthesk. 
Rdb&ison *• **’ ” is, however, of the opinion that there is little justifi- 

ea^n for this view and hae suggested that the Savones and antho- 
(^ranidins are independently synthesized from a common starting point 
a transformation involving an oxidation. Continuing the work 
of Bosenhdm,** the Hobinsons have established the presence in plant 
tissue of colorless precursors (called leucoanthocyanidins) which yield 
colored antimcyanin-like pigments on treatment with hydrocfaloiic acid 
in the presence of oxygen. The leucoanthocyanidins occur as glycosides 
and si^;ar free.^ They are classified on the basis of solubility in water 
and the property of being extracted from aqueous solutions with ethyl 
acetate. 

A detailed study of the mechanism of the biosynthesis of the flavonols, 
anthocyaiiidins, and catechins will without doubt lead to many interest- 
ing results which should be of great significance to our understanding of 
phytochemical processes in general.* 

Tax DuTBiBimoN and OcxmaasNcx of Soax Repbkbxntattvx Mxmbkrs of teik 
Six Ttfe ANTHOCTANiDmB 

1. Pdargonidin Derivaiwea 


Pebugonio 

IXgiuoaside 

Scarlet pelargonium, orange-red 
dahlia, red cornflower 

Fumdn 

Diglucoside (eeenungiy iden- 
tical with pelargouin) 

Punka gfranaium 

Mcnuurdamn or 

Diglucoside — containa also 

MoTiarda didyma and Salida splen- 

ealTiimin 

p-hydrosyciimamic add and 
malonic add 

dens, Selle, and coccinea L. 

Callistq>hm 

llonoglucodde 

CdUiglephus chinensig, Neea, syn. 
Atter chinensk L. 


2. Cyanin Derivaiivet 

Cjmsin 

Dig^coside 

Red rose, blue cornflower, deep 
red dahlia 

Uakocyatun 

Dig^ucodde 

Dark red Mohn (Papmr Bhoeaa 

h.) 

Senuiyximt 

Jtiiamnoglacaeide 

Black (dark) cherries 

SaodmoB 

Monoglucodde (apparently 
identical with chrysantbe- 
min) 

Elderberries (Sambucus nigra) 

Idadn 

ChUactoaide 

Oranberries (mountain) 

Chryaanthignin 

Monogducoaufe 

Scarlet-red winter aster 


orasterin ,‘ 

** Reteton. and Boidnaon, /. Cham. Boc,, 744 (193S). 

*'IkMaDb«lm, BkfKem.J., 14, 73 (1030). 

a dotadaoa 4^ bMq^OBl aignifiosaoe of Um anduxgrsnins aee rafarcn^ 4, 22, 24, 
and jfi. Th» ^ Sn^doal picmenta among tbe flowering [danta U 

iHfaladinrefaraBaaafl, 4,5iaiKll7. See also the generid refeieooea on p. 1340. , 
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mi 


Delphiiua 

Violauio 

Gentianin 


3. IMjiwadm 
Di^ucoside 
Rhamiiisglucoeide 
MoQoglucoside, contains 
p-hydroxycinnamic acid 


Derwativa 

Ddphinhm CofutUda L. 

Vi^ tricoior L. 

GerUiaTia acaidia, Gentuma vut- 
garia 


4. Peonidin Derivativea 

Feoidn Diglucoade Bad peony 

Oxycocdcyanin Monoglucoside Fruit of Oxycoccua tnacrocoxpua 

Pers. 


Malvin 

Oenin 

Hirsutin 


6. Mahidin (Syringidin) Derivativea 
Digluooside Wild Malve, Primida viacoaa 

Monoglucoside Blue grape 

6. Hirautidin Derivaiivea 

Diglueodde Primvda hiratda 


THE FLAVONES 

Introductioa. The flavones (from the Latin for yellow) represent 
an important group of pigments that occur in the plant king- 
dom.^’ *• **• ** Of all the natural pigments that can be used as 

dyestuffs they are by far the most widely distributed in nature.* They 
occur naturally in combination with rhanmose or glucose as glycosides, 
sometimes tmcombined, and frequently also associated with tannins. 
One of the members of this group, luteolin, the main coloring matter 
of the herbaceous plant known as weld {Reseda, luteola), is said to be the 
oldest European dyestuff known. ’ Some of the flavone dyestuffs that 
are still significant economically are weld, young and old fustic, and 
quercitron bark. The use of these, however, is largely confined to the 
uncivilized or semi-dvilized countries in which they abound. The chemr 
istry of the flavones, which bears a striking resemblance to the antho- 
cyanidin group (p. 1318), was elucidated largely through the reseanhes 
of von Kostanecki, Herzig, and A. G. Perkin, and dates from the period 
of 1895 onward. 

The basic unit of the flavones is y-pyrone (I), the anhydride of an 
unsaturated l,5-<iihydroxy-3-ketone. y-Pyrone, a colorless solid, 
has been prepared synthetically by Claisen." The simplest aromatic 

*' Klein (editor), “Handbuch der Pflanzenanatyae," Springer, Vienna (1032), Vol. lU, 

pp. 

" Abderhalden, "Biochetnieches Handlexikon,” Springer, Berlin (1911), Vol. VI. 

** BSmer, Juekenack, and Tillmans, “Handbtuoh der Lebansmittd Cbemie,” ^xringw, 
BerUn (1933), YcA. I, p. 604. 

* T^t tbMr dietribution in plants ia practically universal can be readily dranonotzated 
by the color reaction with alkaUes. Thia reaction ia best diown by otdoileea parti of 
planta, such as white flowras. Placed in ammonia vapor, almoat any white flower will 
turn bright yellow. 

" Chdaoi. Jter., 14, 118 (1891). 
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(SetiVative of ^-pyrooe is benzopyroDe (11), comnunily called ohnnoone. 
Sttbstitutioii of s beozase residue ia position 2 of tbe y-pyrone nucleus 
looduees 2>phenylbenzopyrone (III), or flavone. When the hydrogen 
tm carbon atom 3 in the y-pyrone ring of flavone is substituted by 
hydroxyl, 3-hydroxyflavone (I^, or flavonol, is formed. 
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The various flavones and 3-hydroxyflavones, or flavonols, differ from 
III and IV, respectively, in that substitution of hydrogen atoms by 
hydroxyl groups has taken place in either the phenyl or benzo radical of 
thej>arent formulas. The accompanying table lists a few of the typical 
members of the group and illustrates the comparative constitution.* 
The structure of the members listed here has been verified through 
d^radation studies and by syntheses. 

Properties of the Flavones. M<®t of the flavones are yellow crystal- 
line solids (with high melting points), soluble in water, alcohol, dilute 
mineral adds, and alkalies. From thdr solutions they may be precipi- 
tated by lead acetate, the precipitate being yellow, orange, or red. With 
ferric chloride a dull green or somerimes a red-brown coloration results. 
(A useful qualitative reaction for the detection of flavones is the boric 
add test of Wilson,® The flavanones give no reaction. Some of the 
limitations of the test are conddered by Wolfrom ® in his studies on the 
isc^vones.) The solubihty of the flavones in acids is due to the basic 
inY^>eirtie8 of the oxygen atom in the y-pyrone nucleus. The oxygen atom 
by beo(Bnmg tetravalenV can form additive compounds with adds 

* For • d«t|uted of tlie structure, i^^csl propsrtieB, mode and place of 

oeeorre&eo ofim many p^ments that have bemi studied to date eee referenoee 

1, 2,^27.28,»,30. 

« Wascm. J. See.. *1, 2308 (1939). 

» Wol^ St U. 1248 (1941). 
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producing oxonium salts. The salts are, as a rule, ii«h« highly colored 
than the bases from which they are derived, and are generally very 
unstable in the presence of water. The flavones differ in this respect 
from the anthocyanidins, which yield stable oxonium salts and fre- 
quently occur as such in the plant * (pp. 1316-1317). 

H Cl 

X 

HC CH 

II II 

HC CH 

I! 

o 

7-Pyrone • HCl 


Repkesentativi: Fijlvone Fiqments 


Now* 

Flavone 

CiiHioOj 

[2-phenylbenzo- 

pyrone] 


Chryean 

C14H10O4 

[6,7-dihydroxy- 

flsvone] 


Apigeoin 

CuHitO* 

[6,7,4'-tri- 

bydroxyflavone] 


Luteolin 

CuHtoOe 

[6,7,3',4'-tetra- 

bydroxyflavoQe] 


Siriitixcrol FormuJa 


OccarreTite 




As dust on flowers, 
leaves, and seeds of 
various primulas 


In buds of several 
varieties of poplar 
(P. nigra, P. 
•pyramidalU) 


In parsley as 
glycoside apiin', 
in yellow dahliaB 


In weld (Reaeda 
luteUa), dyers’ 
broom {Genista 

iinctoria) 


* For details on the Uologiosl aisnifioanoe of the flavones, see refemce 4: also Haas 
and Hill, “An IntroduotUm to the Chemistry of Plant Products,” 4th ed., Longmana 
Green ac^ Co.. london (1928), Vol. I. 
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BaraamneaiTiva E^tqsb PiaKSNie-'CSonttouad 
Strudutol Formula 


Nam 


Oeemmiet 


Haetin 
GuHigOt 
0,7,8', 4'-tet»- 
bjncIroxT&tTDne] 



In wood of young 
fustic (IfhtM coUnut 
aaAQud^aeho 
Colorado) 


Qalangin 
CuHibOi 
(flavonol of 
Cbrysin) 
[3,6,7-tri 
liydroxy&iyone] 

Kaemi^erol 
CuH]^ 
(flavonol of 
ApiffBun) 
[3,5,7, 4'^teta*- 
bydroxyfiavoae] 




In galanga root, 
the rhizome of 
AlpitM officitiarum 


In blue delphinium 
flowers 


Queroetin 
Ci»H»0, 
(flavoiiol of 
lAitedin) 
[8,5,70', g'-penta- 
hydzoxyflavone] 

MyrioeUn 

CitHioOz 

I3,8.70'A'0'. 

hexahydroxy- 

flavone] 




As S-rhamnoeide 
in baric of Ameri- 
can oak (Quercua 
Hnctoria), leaves 
of horse chestnut, 
colored onion 
scales, etc. 

As glycoside in 
an evergreen 
native to the 
Orient, the Myri- 
caceae family 


Dogradaticm of flie Flavones. On boiling with alkali the hetero* 
(grcUc rii^ system is opened. The course of the degradation can be 
iUustrated with Savone, which forms o-hydroxydibenzoylmethane (V). 
This th^ degrades in part to salicylic add (VI) and acetophenone (VII), 
and in part to oxhydixnyaeetophenone (VIII) and benzoic acid (IX). 
On fudon with caustic dkaU the flavones are degraded to a phenol and 
an acid. Phlorog^udnol and protocatecbuic add are conunonly formed, 
aidi sometimes and resorcyhc or bydroxybenzoie adds, depend* 

on the substituWn in the benzene rings in petitions 2 and fl,6 of the 
yUfyimb nudeus (I). Tkts, quercetin and luteoBn yield [hloroi^ucinol 
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axid protooatechuic acid (3,4-dihydrox3rbeQzoic add). Apigfinin an<j 
kaempferol yield phloroglucinol and p-hydroxybeozoic add. 


O 
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Syntheds of fhe flavones. Various methods have been developed 
by von Kostanecki, Perkin, Robinson, and others.*’ *• **■ ** One of the 
most useful general methods involves a condensation of appropriate 
alkylated o-hydroxyacetophenones (X) with esters of aromatic adds 
(XI), or esters of alkylated salicylic acid (XII) with acetophenones 
(XIII) in the presence of sodium. 



Another general method employs a condensation of o-hydroxyaoeto- 
phenone (or its methoxyl derivative) with benzaldehyde (its hydroxyl 
or methoxyl derivatives). The appropriate hydroxyl or methrayl 
derivatives of the two starting products are chosen depending on the 
fiavone sought- 

*' Hatworth, "Cbamiosl Synthesia,” Blackie utd Son, London (lft34). 

** AbdwluddeD, “Hnndbuob d«r biologbohaa ArbritameUiodaa,” Urban and SdiMto 
mbars. Bwiin (1022), VoL L 10, &q>plema^8«. 
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XIV XV XVI 

»<Hydra9aoetociteBOiia e-BydroxyboinlMatophaMne 

(s-liydToxyshalkom) 



ni XVU 

VlATona Flavmnone * 


(2,3-(li]ty(lroflavone or 2-|>hanyl> 
2,3-Qibydrob«niopyToiie] 

When flavanone f (XVII) is treated with amyl nitrite and strong 
hydrochloric acid in alcoholic solution, the oximino (isonitroso) com- 
pound (XVIII) is formed, which on boiling in acetic acid solution with 
10 per cent sulfuric acid forms 3-hydroxyflavone or flavonol (XIX). 



Finally, flavonol derivatives can be obtained by reacting the appro- 
priate cj-methfflcyacetophenone with appropriate phenolic acid anhy- 
drides. An example of this reaction which was developed by Robinson 
is potesented below.* 

The syntheitis of qu»oetin (XXVI) (3,5,7,3',4'-pentahydroxyflavone) 
was realised by von Kostanecki * in 1904. Phloroacetophenone-4,6-^ 

* Wbm ilweaibon 3 In the finvone ia oom^etetr (educed with the etiminetion of the 
double bond tlM Sbructere is celled • /fammone. 

t Derivetivee of flnvwtone eleo occur in nature. Heepetidin, the gtycodde oocurrins 
In onncee, ie e davanone. It ia S,T.3'-trihydro«y-4'-n>etb<»yflavai»oi>e-7-f 'h a mTio e ide 
8ee refwenoee 1. 3, 3. 37. 38, 33. 

*JUlan and Beifeion, J. Chtm. 8ei.. US. 3193 (1334} ; 2834 (1833). .. 

■* moo KoetanecB. letBipe, and Tanbor, B 0 r^ 87, 1403 (1304). / 
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methyl ether (XX) was condensed writh veratric aldehyde (XXI). The 
restilting 2-hydroxy-4,6,3',4'-tetrainelhoxychalkone (XXII) was then 
boiled with dilute sulfuric add in methyl alcohol and conT^i)ed into the 
2,3-dihydrotetramethoxyflavone (XXIII), The introduction of the 
hydroxyl on carbon 3 in the pyrone rin g was done in the usual manner 
thu'ough the oximino compound (XXTV). Finally, removal of the four 
methoxyl residues from tetramethoxyquercetin (XXV) produced 
quercetin (XXVI), identical in all respects with the naturally occurring 
pigment. The various stages of this synthesis can be illustrated 
structurally as follows: 



XX XXI xxir 

i Dfliite 
Ht804 CH|0H 



XXV 

3-Hydro*y-3.7.3',4'-tetrs- 

metboz^^Avone 


XXVI 

Qoerofitin [3,5«7,3',4'op6ntAhy« 

drozyflavoaej 


' A direct synthesis of quercetin (XXVI) was realized in 1926 by 
Robinson.** w-Methoxyphloroacetophenone (XXVII) was condensed 
with the anhydride of 3,4-dimethoxybenzoic add (veratric anhydride) 
(XXVIII) in the presence of the potassium salt of veratric add. A 
molecule of veratric acid is regenerated as a result of the condensation 
which produces the 3,3^,4'-trimethyl ether of quercetin (XXIX). 
Removal of the methoxyl residues from the trimetho^queroetin 
pOaX) yielded the free pigment (XXVI), m.p. 313-314®, identical 
in all reqjects with the naturally occurring product. 
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XXVII xxvin 

«>M«thoi 3 r^on>> Vmiris antkydride 
soatopunsn* 



XXIX 

3,8',4'-Triittsth7l elbar 
ot qu«oeua 


Qaareetin 

XXVI 


ISOFLAVONES 

*1116 iBoflavonee have tbs phenyl group in position 3 of the benso* 


pyrone nucleus. 



XXIV 



0 

XXXI 

Daidjeiii 

7»4'’'Dihy^osyuofiAToii9 



A idiaracieristic of the isofiavones (XXX) is that treatment with 
mild alkali ]»uduces, quantitatively, one mole of formic acid and an 
hydroxylated benzyl-o-hydroi^henylketone, which on further treat- 
ment with strong alkali degrades to an hydroxylated pbenylacetio acid 
and a polyhydric phenol. Thus daidzein (XXXI) yields first the 
mtomediate ketone (XXXII) and formic acid and finally 1,2,4- 
kihydroxybenzene (XXXIII) and p-hydroxyphenylacetic add 

(xxxrv)." 

The ayntheds of isdhtvone (XXX) involves the interaction of 

.?i*S 

*’iraia Ann., 1ft, US (leSl). 
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o-hydroxypbenyl benzyl ketone (XXXV) with ethyl formate in the pre- 
sence of sodium dust. 
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The synthesis of substituted isoflavones foUows along siinilar lines 
from the appropriately substituted ketone. Thus daidzein, C16H10O4 
(XXXI), the aglycone of the monoglucoside daidzin, C21H30O9, from 
the bean S(^a hispida, is prepared by reacting 2 , 4 -dihydroxyphenyl- 4 - 
hydroxybenzyl ketone (XXXII) with ethyl formate in a sealed tube.** 



For recent studies on the isoflavone group, the papers by Wolfrom 
and co-workers on the pigments of the osage orange are recommended.** 

•• We«ely, KonJdd, and Lechnnr, Btr., SS, 686 (1933). 

** Wdfrom, /. Am. Chem. See., ««. 1248, 1268 (lOtl). 
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INAIODUCAON 

^Anumg the substances found in nature are compounds derived from 
tltt hydrocarbon cydopentanoperhydrophenanthrene, wtuch for sim- 
{didty are called the steroids.* These natural compounds are oxygenated, 
dl^-substituted derivatives of the parent hydrocarbon, and have the 
mg system pven in structure I. The recognized members of this group 
are the sterols, the bile acids, the cardiac aglucons, the genins of the 
toad poisons, the di^taJis sapogenins, the sex hormones, certain adrenal 
substances, and a few other compounds which arc not easily classified. 



Variations within the group include changes (1) in the nature of the 
ode chfuns R and R' ; (2) in the spatial configuration of the nucleus and 
its substituent groups; (3) in the number and position of the hydroxyl 
groups; and (4) in the degree and position of imsatuiation. The nature 
of the tide ch^ R' changes markedly; and R, udieu present, represents 
either a methyl group, an mddation product thereof, or hydre^n. %nce 
the nucleus is alkyclie, stereoisomeric modifications (p. 328) of the type 
exiubited by the decalins occur. Actually the mutations in nuclear 
spttiid oon^nration are few, tince the relationsbip of rings B/C and 
C/0 appears to the stable trana arrangement in nearly all the known 
eompoa^. The relationship of rings A/B is not always the same, and, 

«€kBow ud Towng, Proe. Rov- Soe. (Lomfen), U7A IM (1638). 
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Gbhsiiai< Vasutionb of Type Fobudla I Found in Natom 


Member 

R 

E' 

CH, 

1 

Sterob 

— CH» 

1 

— CH — (CH,), — CH(CH,)fc or substi-' 
tuted isoOctyl 



CH, 

j 

Bite adds 

— CH, 

— CH(CH,),-COOH 

Heart principles 

— CHj, — CHjOH Four- or fivo-c&rbon unsattir&ted lactoiw 
— CHO ring 

Digitalis Baponins 

— CH| 

Eight-carbon ketospiroacetal ( 7 ) 

Sex hormones 
Estrogenic* 
Corpus iuteum 
Androgenic 

— CH» 

— CHj 

Hydroxyl or carbonyl group 

Acetyl group 

Hydroxyl or carbonyl group 

Adrenal substances 

— CH, 

Hydroxyethyl, a,/S-dihydroxyethyl or hy- 


droxyacetyl (with H or OH at C17). 


• Ring A, or rinei A and B, are benaenoid. 

through usage, those compounds which have the tram configuration are 
designated as alio structures. Although R and the Cjs — CH3 group 
may be attached so that they project either above or below the plane of 
the paper, they are usually assumed to be projecting above the plane of 
the paper. Since these groups are generally methyl radicals and are 
attached at an angle to a carbon atom shared by two rings, they are 
referred to as angular methyl groups. 

Most of the steroids are hydroxylated at Cg, md many of them are 
hydroxylated elsewhere in the ring system or the side chains. These 
hydroxyl groups may be attached either cis or tram to any given reference 
point. The difficulty of establishing such relationships unequivocally 
and of agreeing upon a standard reference position has led to a fairly 
general adoption of the designations a and p to describe the two isoraeis 
of an epimeric pair. If the assumption is made that the angular methyl 
groups at Cio and Cig project forward, then the o-configuration is prob- 
ably in a trans position, while the jS-configuration is in a cm position to 
these two reference points. In the structural formulas the ot-configura- 
tion is indicated by dotted lines and the /Configuration by solid lines. 
Later in this discusaon methods of determining the stereochemical rda- 
tionshipa will be considered. 

Generalizations as to the podtion and d^ree of unsatuxation cannot 
bemade. The members of the group exhibit varying degrees of unsatota- 
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iam* tsut in no instanoe, among the natural cranpounds, ia the mfire 
ling SFStem aromatic. 

(hmical study of any group of natural compotmds passes 
thrpc#i three stages: isolation, constitutional determination by degrada- 
tion, ai^ synthesis. Aniong the steroids the more complicated members, 
the stmls, the bile acids, and the cardiac glycosides, were the first to 
be isolated and stucfied. The ampler sex hormones were not known 
until 1929, and one of these is the only natural steroid that has been 
completely synthesixed. Serious handicaps often had to be overcome in 
the course of isolation for, where the substances were ah^mdantly present 
in nature, mixtures of closely allied compounds were usually encountered. 
Because of the size of the molecules, the usual methods of characteriza* 
tion did not always lead to satisfactory conduaons, and, in many 
instances, new phydcal and biodiemical methods were necessary for 
prrase dhiifinition. The sex hormones and the adrenal substances pre- 
sorted, further problems, since at first only microscopic amounts were 
available for study. Because of these difficulties, microchemical methods 
have played a burge part in the development of the chemistry of this 
group. 

Up to the year 1932 the structural investigations were concerned 
ptimaiily 'mth the nature of the nucleus. The study of this problem was 
carried out with the readily available cholesterol (II) ; with the common 
l»le adds — cholic (III), desoxycholic (p. 1363), and o-hyodesoxycholic 
1426); and to some extent with the less common acids — lithooholic 
(p. 1361) and dienodesoxycholic (p. 1415). The early investigation of 
cholesterol, CsrH^O, characterized this as a monohydric secondary 
alcohol containing one double bond and an isodctyl side chmn. Similarly, 
the bile acids were recognized as hydroxy derivatives of cholanic add, 
Qi^S 4 oOa, whidi, in turn, could be diown to contain the same nucleus 

CH| 

as diolesterol and a side chain, — CH — CH* — CH* — COtH. After 
aOowing for the demands of the side chains, it was evident that the 
otideus was hydroaromstic in nature, and apparently made up of four 
condeesed tinga Owing to the lack of hetero atoms, the nature of the 
nudeus bad to be detenniiied by the methods of oxidative degradation 
aod of dehydrogoiaticm. ^ 

In 1928 Windaus’ and Widand * reviewed in Nobel Prize addresses 
results of thdrinwastigatiimsmi the steida and the 1^ adds. The 
stxttctores of chdestesol (Ila) and cholic add (Ula) which they disr 
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^ 0 liaa^ had beat efvolyed by a study of the produets «l<pdds1aye 
, «&d se^ed established in all details save idf at^o^diinent m 

ittibega sttnns 15 and 16. Ibese were assumed tabs ^tesont 9 s an ethyl 
gtaap at Cio- Subsequent attempts by Wiela^^ to |»ove tb9 ftoidtion 
of the eth^d group led to die startling oondusieto that there was no such 
groupiag attached to ring IV of structures Ila ind Mia at the point in 
^lestian. The two carbcm atoms accoidin|^fd>eeaDse "obdachlos” 
^unneto), and later investigation was concerned hugely with attempts 
to place them in the ring nucleus. Wieland * and Borscto * both suggested 
stmotures in which the group CHg — CH < was inserted in ring III, but 
the resulting seven-nrambered ring struetureh were never entirely 

A few years later, in 1932, Rosenheim apd King ^ called attention to 
a neglected piece of evidence — the formation of chrysene as a product of 
seleniuin dehydrogenation of cholesterol and cholic acid. On the basis 
<rf this fact, and of the x-ray meaeurmients of ergosterol (p. 1399) and of 
calciferol (p. 1409) by Bernal,* it was suggested that the ring nucleus 
ci the sterols and of the bile acids was perhydrochrysene. Study of 
die evidence in the light of this suggestion led Rosenheim and King ‘ 
and Wieland and Dane ** to modify the perhydrochrysene to a cyclopen- 
tanopeibydrophenanthrene nucleus. This new structure for the sterols 
and bile adds was immediately compatible with the vast amount of 
expeiimraital material which had been accumulated.* 

With the investigations of the sterols and of the bile acids as a 
background, the structural examination of most of the other members 
of the group was conducted to a satisfactory condusion with rapidity. 
Although in many instances Jbnly small amounts of these natural products 
were available for study, degradation to mutually common compounds 
was carried out in nearly all cases, finally, in 1939-1940, Bachmann 
and co-workers carried out a totd synthesis (p. 1475) of one of the sex 

*Wiriand and Vooke, Z. Chem., Itl, 69 (1930). 

* Wieland •ltd IM, 127 (1931). 

* Bondw and IMd. ibt^>U7. 173 (1931). 

^ BoaMilMim and King, Chem, Ind., U, 464 (1932). 

*BeninI, Nature, IM, 277 (1032) ; /. 3oe, Chtm. Ind., U, 466 (1932) ; for aiunmaiy see 
Bwnal M al., Trane, Ron. 8oe. {fjtmdon), tttA, 136 (1940). 

* Bnandieim and lOng. Nabtre, UO, 315 (1932) ; /. See. Chem. Ind., SI, 954 (1932); 

•i, S99 (UXSS). 

WM^ and Pane, Z. Chem., UO, 268 (1932). 

VJKawwa tawnualinc the older work with the new atnioture: Windaua, Z. pht/eiol. 
ills, 147 (19821; Heflhron, Bimpson, and Spring, J. Chem. See., 620 (1933) ; Roeen- 
heta sad Sing, Am. See, Biethem., S, 87 (1934). Bariewe giving the dev^pmenta; 

Chem. Boe. (JLmdm), U, 128 (1927); SS, 157 (1928); tt, 139 (1931); W, 198 

0m, 
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hoR&ones. Unis^ both by degradaticm and by synthesis, the structure 
of the nucleus has been established. 

THE STRITCTDSE OF THE NTTCLEnS 

As was su^ested above, the structural investigation of the nucleus 
has been carried out exclusively with the sterols and the bile adds. 
The early investigators felt that the nucleus was identical in these two 
series, but proof was first offered by Windaus and confirmed by Wleland. 
With the establishment of this fact, evidence obtained from the study of 
cholesterol could be applied to the bile acids, and vice versa. Then 
followed a period of intensive work in which the several rings were 
opened and the products studied by thermal decomposition. This path 
led to a false solution, however, and it was selenium dehydrogenation- 
which finally furnished the essential clue. 

When selenium dehydrogenation of cbc^sterol is carried out at 
360°, one of the products is a hydrocarbon, CigHis (IV, Diels’ hydro- 



rv. a'-Meaijfi-t*- 

cjctopeDteoopbeDaDUareoe 
(Diels' ta7drocart>oa) 

carbon). Early in 1934 the structure of this hydrocarbon was definitely 
established as 3'-methyl-l,2-cyelopentenoRhenanthrene (or 7-methyl- 
cyclopen tenophenanthrene), but because tn the drastic conditions of 
selenium dehydrogenation, together with the very poor yield of product, 
the formation of a cyclopentenophenanthrene is not good proof of a 
cyclopentanoperhydrophenanthrene nucleus. Although seleniiun dehy- 
dirogenation of a hydrocarbon derived from certain of the bile acids to 
methylcholanthrene (p. 1354) in relatively good yield furnishes con- 
firmatory evidence of the structiuo of the nucleus, the real proof comes 
from a reinterpretation and further investigation of the oxidative d^ra- 
dation of cholesterol and of the bile adds. 

Evidence of a Common Nucleus in the Sterols and Bile Adds* When 
cholesterol is oatalytically hydrogenated at room temp^nture, d^ydro- 
cholesterol is formed; at 200°, and with nickel as a catalyst, tlw {Hodnct 
is a mixture of dihydrocholesterol and two of its steredsomscs, 
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aad esp»KprostmJ (and tiraoas of ooproBterdl).!^ 
ndxtore has bem roadved into ite componeats, epicopfost^ mi^ 
he oonrerted to coprosterol. Beduction of either of these thrciugb the 
etage of the chloride leads to the hydrocarbon ooiHrostane (p. 1367). 
^milarly, from dibydrocholesteral mid eptdihydrocholesterol, cholestmie 
^ 1367) is obtained. Oxidation of ooprostane and at its stereoisomer 
(hokstane with hot ehronuc acnd pres, among other products, diolanic 
acid and oKocholanic acid, respectively.** These two acids, the parent 
substances of the Idle acicls, can be obtained by appropriate treatment 
of chdic (X crdiyodesoxychoUc acid. 

Conversely, cholanic add may be converted, through the action of 
bromide on its ester, to a ketone which on Clem- 
roduction gives coprostane.** The proof of the identity of the 
anda <rf the two series may be summarized as shown: 


Dih 7 (faA<holesterol 

T 

CSwleBteiol 

CitH**® 

I 


ffmcomcsUarol 


CtrBwO 

I 

OwjroBterol 

CnH4.0 


Raduetlon Cholestane 
^ Ct7Hu 


Redaotian 


-> CopKistaae 
CnHu 


jChoUc acid 
‘ CmH«Oi 


(SrOj 
Oxidfttloa 
^ 


Hyodesoxycholic acid 

^ C^«A 

AUocbolanie acid 
C,4H.oO. 


CM), 
Oxidatioo 
> 


boprorylMcBr 

and 

reduoUon 


Cholanic acid 

C,4H«,0, 

A* 



Vac. dtit. 

-¥ 

— 8H»0 


CboUtxiemc Msid 

Ct4Hi4^a 


Oebydrogenation Products. The initial experiments in whi^ 
cholestOTol and choUc add were dehydroge^t^ 

TMds “ With palladized charcoal at co. 600 , the identifiable p 

Sm’c^hcfieZnrXysene, Cxaa„. 

MOSSO” and with aeletiium in place of paJladiaed charcoal, two y ^ 
caabons, Cis^i« an^C»iHM, were obtained. The latter gave reactoons 
suggestive at a fluoraae nucleus and was tbou|ht at the time to indicate 


»tVlod«iia.Sw.,M.ima«ia)> Smp. rare for towalaa 
M Windaw 1^ JfMldroiwii, An-., ISIS 

»indana lid Jtodit, Itar., M, 3004 asm), 

aadpb&e. Bw.is. i«0 a«m; Dida iwl IQMNa * 
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ling IV oi ^ie old cholesterol formula (Ila) was fire-membraed. 
After EoBQihdm and Kmg had pointed out the dgnificance of chrysene, 
interest in the deh3rdrogeaation products revived, centering espedaUy 
on the compound CigHig. Since different workers could not agree <m 
the nature of this hydrocarbon, or eveli on the production erf chrys^ie, 
a polemical situation develop»ed which has led to a reasonably accurate 
knowledge of what happens under the drastic conditions of nfilAniuTp 
dehydrogenation.*® 

Diels *®* and Ruzicka in particular have examined the nature 
of the products obtained by dehydrogenation. Cholesterol at 300-360* 
^ves Diels’ hydrocarbon and another hydrocarbon, C 26 H 24 , whidi, 
though not identical with the hydrocarbon of structure V, seems to be 
closely allied with it.““’ • 



Cholic acid (or its dehydration product, cholatrienic acid), when 
subjected to selenium dehydrogenation, gives a variety of products, 
depending on the temperature at which the dehydrogenation is cem- 
ducted. At lower temperatures (360®), Diels’ hydrocarbon and a second 
hydrocarbon, which was first reported to be CaiHie, are formed. Cook** 
suggested that the composition of this second hydrocarbon might be 

*• (o) Cook and Howett, J. Soe. Chem. IndL, U, 461 (1933) ; Cook, Hewett, Mayneordi 
and Roe, J. Chem. Soc., 1727 (1934). (b) Diela, Ber.. 66, 487, 1122 (1933) ; Diels and 
Klare, Ber., 67 , 113 (1934) ; Diela and Stephan, Ann., 687, 279 (1937). (c) Gamble, 
Kon, and Saunders, J. Chem. Soc., 644 (1936). (d) Raudnitx, Fetrh, and Stadlw, Ber., 
66, 879 (1983) . («) Rosenheim and King, J. Soe. Chem. 7n<i.. 6S, 299 ( 1933) . ( /) Ruaicka, 
Goldberg, and Tbomann, Uelv. Chun. Acta, 16 , 812 (1983) ; Ruacka, Thomann, Branden- 
berger, Kurter, and Goldberg, iind., 17 , 200 (1934) ; Ruaoka and Goldberg, ibid., 18 , ^4 
(1936): 10, 1246 (1937). (g) Schlenk, Bergmann, and Bergmann, J. Soc. Chem. Ind., 
61 , 209 (1983). 

• With the eongnnera of choleaterol. «uoh as ergosterol and aiioBterol, there is a difler- 
«Mse ot opinion about the formation of Runcka finds that fiydroeaibona ol a 

carbon oontmt greatu than Cu are produced from theae aterol*, but Dida haa been aUe 
to obtdn only CtiHtt, although he admita that amaU amounta of other hydrooartonarw 
be formed. DUfmenon in tenperaturo may be the explanation of the diaorapa^M itt the 
waolta of the two workers. The aolution of the problem of the pro^ota of dehydrOije^ 
tionis imdered diffitnrft W the fact «iat ^le yidd of each hydrocarbon u Mtham I per 

Daual. Stowett, Iball, Mayneord, and Roe, J. Chem, See,, 111# (MSB } BaAk 
watm, Oo^, Sewett, and IbaB, fWd.. M (IWD- 


1318 


QROANIG GSEUI&rrBY 


ratb!^ than CsiBig, and has proved his pomt by the syntheffla 
of S'4n^yl-2',1 -na|Atiio-l,3-fluorene (VI), whici agre^ well with the 
product obtained by Ruzicka. At temperatures of 400° or higher, 
<^uryaene (VII) and pioene (VIII) are formed. Ruricka has sugi^sted 
the foUo'vnng mechanism for their formation: duyscne results from the 
union of the angular methyl group at Cis with an opened ring D; picene 
ftran an analogoim type of ring enlaigement with simultaneous ring for- 
mation involving the side chain. 

The structure of Diels’ hydrocarbon as 3 -metbyl-l,2-cyclopenteno- 
pheoanthrene, CjgHig (IV), has been definitely established through 
two ^mthesee. By the first of these, 2-acetylphenanthrene is con- 



deoaed with bKtinoarcetic ester, the product (IX) hydrolyzed, reduced, 
axkd converted through the uKnd cVdonde to the cy(&c hetoiue X*, 
CSemmensm reduction ol the ketone gives Diels’ hydrocaihon. In the 
seocHod itynth^aa,” j9-(3-naphthy]>othylmagneBiujm bromide is reacted 

» jmd HMemimn. 6er^ m, lana <ma«) . B«r., as, laa fMBB) 

mOawmA Blekwt, Ar..t||«aSi <t1iS6>. 

Mid /. 
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with 2,5-dimethylcycIopentanone to pve an alcohol {XI) whidi after 
dehydration with phosphorus pentoxide is cydized to yidd the hydro- 
carbon XIL Selenium dehydrogenation of XII gives 3'-ineth^-l,2- 




DieV hydrocarbon 




cyclopentenophenanthrene. Identification of the end product with the 
sterol hydrocarbon bad to be made by an elaborate series of physical 
measurements, as well as by means of the picrate and other addition 
products, because the hydrocarbon does not give melting-point depres- 
sion when mixed with structurally similar compounds. Diels’ hydro- 
carbon as obtained from sterols by dehydrogenation has a magnificent 
blue fluorescence, which is absent in the synthetic product. Both prepa- 
rations react with bromine to give a well-defined tribromide,** and 
with nitrous acid to form an isonitroso compound of uncertain structure. 
The characterization of this hydrocarbon is of great importance, for its 
formation by selenium dehydrogenation serves as one of the most con- 
venient ways of discovering new members of the steroids. 

The ring enlargement that takes place with selenium dehydrogena- 
tion at temperatures above 400° has attracted some interest. Model 
experiments on the a- and /3-methyI- and etbyl-hydrindenes show that 
they undergo ring enlargement to produce naphthalene or methylnaph- 
thalene at temperatures of 450°, but not at lower temperatures.** The 
absence of ring enlargement at lower temperatures has been confirmed 
by other mo<^l experiments on several related hydiindenes.** Tfids’ 


“ Dida Mid Eickwt. B«r.. 68. 267 (193S). 

*• Eudek* and P«yer.ff«to.CW"».dcta,M, 676 (1935). ~ ^ 

*‘Cl*mo tad J. Chm. floe, 736 (I936):aiuang. M*. and Tm, &r.,6E 

IMS U«86}. 
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list. 

bowem, does not g^ve daysem wlien treated idtii 
ecSenten or iwlladium at 450^ 

ifeihj^olaadireiie. Hie formation of Dieb’ hydrocarbon from 
the sterols and the bile acida suggests the nature of the nucleus, but 
the extr^ely poor 3 rield 8 obtained by dehydrogenation weaken the 
proof that the nucleus is cyclopentanoperhydrophenanthrene. Two of 
the bile adds, however, can be converted to methylcholanthrene in 
i idiitively good yield. Since the structure of methylcholanthrene can 
be established by d^radation and by S}nD[the8is, this transformation 
materially strengthens the proof of the nature of the nucleus. 

From cholic or desoxycholic acid, 12'ketocholanio acid (XIII) is 
obtained by methods which will be discussed later (p. 1363). Pyrolysis 
of the ketocholanic acid gives the hydrocarbon dehydronorcholene 
(XIV), and selenium dehydrogenation of the latter produces methyl- 
cholanthiene in a yield of 30 per cent.” On oxidative degradation 
methyldiolanthrene is converted to 5,6-dimethyl-l,2-benzanthraqmnone 
(XVI), which, in turn, is characterized by further oxidation to 1,2, 5,6- 
anthraquinonetetracarboxylic add.” In the synthesis” of methyl- 
cholanthrene a five-membered ring is formed on p-bromotoluene, giving 
abromffltnethjdhydrindene. The Grignard (p. 500) compound (XVIII) 
from this hydrindene is then reacted with o-naphthoyl chloride (XVII) 
to pve a ketone (XIX) which on pyrolysis yields methylcholanthrene. 
By this transformation and synthesis, not only is the presence of a five- 
membered ring in appropriate sequence to three six-membered rings 
diown, but the attachment of the principal side chain of the bile adds 
at Ci 7 is also established. 

RelatioaBbip of fte Hydroxyl Group and Double Bond in CholesteroL 
Hie hyxlroxyl group and the double bond in cholesterol (II) are the 
duel pcmts of attack in its degradation. By examination of ihe oxida- 
tkHi products these two functions have been found to be present in two 
different rings in an afy-system, the hydroxyl group being located at 
Gs azul the double bond at Cg : The evidence follows: 

1. Nitration of cholesteryl acetate yields a nitrocholesteryl acetate 
in whh^ the nitro group is presumably attached at Ce.” Reduction 
el thaoltro co&tpound with xmc and acetic add yields, with efiminatiion 
the nitro jpXMip, S-hydroxy-S-ketodrolestane.** Oxidation of the latter 

« Qook ud HMtewood, /. Chm. 3oc., 428 (1^). 

W^riederah^, Z. phygioL Chem., U6, 22S (1930) ; WMand uul Pum, 
240 (ilp^s Cook and Hadewood, J. Soc. Chem. Ind., tt, 7S8 (1933) ; ()ook, 

< llawiek Md Hadi«niKd. ibid., M, 940 ( 

Vf »li1e«w and S4li«inKi./.4w.CA«m. See., 37.238, ftB(l«M). 

, > » wni Mmaigh.. U, 85 (18M) ; M, 848 (1003). 

. WindWH, »•, 8T58 (1008). 
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gjvsfi rise tlirou^ tlie stages of eholestanedione (XXIII) and a ketodi> 
carboxylic acid to the tetracarboxylic add (XX) In tiiis degradation, 
ring A is opened first and then ring B. By a somewhat differimt pro> 
oeduie — conversion of cholestanonol to chlorocholestaaone — ^ring B may 



be opened first and then ring A.** With either procedure the same tetra- 
carboxylic acid (XX) results. Assuming that no rearrangements occur, 
the above transformations indicate that the hydroxyl group and the 
double bond are contained in separate rings. 

2 . Oxidation of cholesterol by potassium permanganate, hydn^ai 
peroxide, or perbenioic acid yields two isomeric cholestanetriols, 
Ca7H4808 (XXI),* which on further oxidation give two isomeric hydroxy- 
diketones, C27H44O3 (XXII)” Dehydration and reduction convert 
both these ketones to the same eholestanedione (XXHI). Xbe proprn^ 
ties of this dione are those of a y-diketone. It reacts with hydrarine to 


Windau* imd v. Stadeu. Ber., 04, 1069 (1921). . , 

• Wiadaua and Stein, Bar., 87. 8699 (1904). n ru on- 

* Permanganate produoee a «*«. hydrogen peroxide a fnon», configuraUry. qf. aUM 

and Petrow, /. Cftew. See., 10)^ (1939). inn. 

" WindaiM, fler.. 40, 287 Cl9(^; Piokard and Yatea, /• C*«m. See., t*, 1678 (1908); 
WMtphahm, Bar., 48, 1064 (1916) ; Criegee. Ber., 68, 1770 (1932). 
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lOttL a pyrkiarine;*’’ * the liBtodicarboxylic acid formed from 

team by oxidaticai is very stabie and de^tely not a /9>keto acid, oboe 

the correspoDdiog hydroxy acid obtained by reduction of the carbonyl 



B<r., M. 2248 (1900). 

* Aaoosding to the laeaaaiemoiit* of NoUar, J, Am, Chem, Soe., <!> 287S (1030), this 
Sfivida^se has a molaoidafr weiaht aeverai times that of tbeoiy and may troll be a linear 
Butirimn, Btr^ 7S, 92^ (1040), has repeated NoUer’s work and finds a molecular 
et 1.2S-1^ tiam ^wosy. These contradictory daims somewhat weaken the 
'.hitfaiefett fimta pyiidasiiBe formatfon that cholestanedione is a y-diketonc. 
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pimp ijeadily lactonkes.**^ These reactions show that tile hydroay! and 
double bcmd form an a,'y8yBtem. 

3 . Cholestenone (XXIV) is formed from cholesterol by the action <rf 
copper oxide at 290 ° ; ® better, by cold, two-phase oxidation of cholesterol 
dibromide followed by debromination with zinc** or sodium iodide; ** and 
best by treatment of cholesterol with aluminum tertiary alkoxides in the 
presence of a large excess of a ketone like acetone.** Cholestenone has 
an absorption spectrum (max. 240 m/t) which indicates that the caibonyl 
group and double bond form a conjugated system.*® When ch<des- 
tenone is oxidized with ozone or potassium permanganate, two products 
result; an acid of composition C27H44O4 (XXV), and, as the principal 
product, a keto acid, C26H44O3 (XXVI), formed with the loss of carbon 
dioxide.*’ The production of these two acids is satisfactorily explained 
only if a structure with the carbonyl and the double bond in the same 
ring is assigned to cholestenone.’* It is evident, then, that cholestenone 
is formed from cholesterol by oxidation of the hydroxyl to a carbonyl 
group and a sliift of the double bond from one ring to another. A 
rearrangement of the doulbie bond attached to a carbon atom (C 5 ) com- 
mon to both rings offera'fhe simplest explanation of the transformation. 

4 . Reduction of the carbonyl group of the keto acid C28H44O3 
(XXVI) by the Clemmensen method gives the acid C26H46O2 (XXVTI). 
This acid may be degraded stepwise by a method (Barbier-Wieland 
degradation) that in effect counts the methylene groups following a car- 
boxyl group.* The steps involved are: 


R— CH 2 — COjEt 


K'.UgBr 


^ R— CH 2 — 0=(R')2— 

i 

OH 


-HjO 


R— 0=C=(R')2- 

I 

H 


Oj or 


CrO, 


R— COsH 


Windaus and Hosefeld, Z. pkyriol. Chem., 148 . 177 (1925). 

“ Diels and Abderhaiden, Ber., 37 . 3092 (1904) ; Windaus, Ber., 39 , 618 (1906). 

*• Windaus, Ber., 39 , 818 (1906); Ruzicka, BrOngger, Eichenberger, and Meyer, Heto. 
Chim. Acta, 17 , 1407 (1934). 

** Schoenheimer, J. BM. Chem., 110 , 461 (1936). 

••Oppenauer, Bee. irav. chim., 88, 137 (1937). 

** Mcnschick, Page, and Bossert, Ann., 498 , 225 (1932) ; Mohler, Heh, Chim, Aeta, M, 
289 (1937). 

« Lettrfe, Z. pkytiol. Chem., Sll, 73 (1933). 

** Bonstedt, Md., 314 , 173 (1933) ; q/*. reference 39. 

* This meUiod of degradation was originally developed by Barbier 4nd Loequin, 
Compl. rend., 188 , 1443 (1613), as a general process for degrading acids. It was later 
emploired by Wieland, e.g., Wieland, Schlichting, and Jacobi, reference 46, but apparently 
without knowledge of Bariner's earlier work. Although the method is usually refmed to 
af^the Wieland d^radation, it seems more appropriate to designate it as rite Barbier- 
Wieland degsadation. 



1^4|iK oaeaas tbe «eai! XXVU after two {^adatiiEms ai^ 

(XXVUX), which cannot be degraded further;** thiu, two 
gimpa are diagnosed. The product (XXVIII) yields carbon 
raonmkie easUy 'tdien heated with concentrated sulfuric arid, and fonns 
esters with diffi(»]lt^; tins indicates that the earboiQd group is attached 
to a qu^emary carbon. Since tbe carboxyl group of the keto arid 
(XXVI) originated fn»n the carb<»i]d of cholestenone, the position 
the hydtox]d group of cholesterol is placed as being three carbons re- 
moved from this quatmnary cmrbon, i.e., at C 3 . 

The Size of Sings A and B. The size of rii^ A and B has been 
determined by exaxnination of the dicarboxylic acids produced by 
opening each ring separately. According to Blanc’s rule,*" when dicar- 
boxylic adds are heated with acetic anhydride and distilled, or rimply 
(hstiUed (thermal decomposition), ketones result from 1,&- or 1,7-dicar- 
boxylic arids while 1,4- and 1,5-diacids produce anhydrides. 

Dilqrdrocbolesterol (XXIX), the product of catalytic hydrogenation 
of chudestercd at room temperature, is readily oxidized to a dicarboxylic 
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Msd, CsrHfflOi (XXX). When subjected to themud deocHnpcxdtio&y 
the Ifttter yidds, mth loss of water and carbon dioxide, a <^chc ketone, 
C26B44O (XXXI). This ketone on oxidation gives rise to another 
dicarboxylic acid, C28H44O4 (XXXJI), but from this diacid the acetic 
anhydride taeatment produces an add anhydride and not a ketone.^ 
Ring A, which is opened in the oxidation, is clearly six-inend)ered. 

When the rii^ containing the double bond is opened in a taroilar 
manner, somewhat different results are obtained.^ Cholesterol is con- 
verted to cholestene (XXXIII) by reducing choleeteryl chloride with 
sodium and amyl alcohol. Nitration and reduction form a ketone, 
heterocholestanone (XXXIV), which, on oxidation, is converted into a 
dicarboxylic acid, Ca7H4604 (XXXV); but when this dicarbojQ'lic add 
is subjected to thermal decomposition, it forms an anhydride and not a 
ketone. The formation of the anhydride from the diadd was inters 
preted for many years as proof that ring B was a five-membered ring 
(structure Ila, ring II). Reexamination of the situation has disclosed a 
number of loopholes. In the first place, it has been shown that sub- 
stituted adipic adds do pot always behave as might be expected; * and, 
secondly, Stange ** has found that the barium salt of the diadd (XXXV) 
does form a ketone. The discrepancy between fact and theory in this 
case has led Wieland and Dane to modify Blanc’s rule (pp. 81 , 1358 ) to 
apply only to those compounds in which the carboxyl groups are attadied 
to the same ring; for example, the dicarboxylic acids formed by opening 
rings B and C (see structure I) would be expected to behave anomalously.* 
From another series of reactions supplementary evidence as to the 
nature of ring B may be obtained." Oxidation of cholesterol with 
hypobromite converts it to an unsaturated dicarboxylic add, C27H44O4 
(XXSVI, Diels' add), which may be progressively oxidized through a 
keto diadd (XXXVII), a diketo triadd (XXXVIII), to a tricarboxylic 
acid, C26H42O6 (XXXIX). When subjected to thermal decompositioa 
the tricarboxylic add loses cvbon dioxide and water and forms a keto- 
monocarboxylic add, C24H4oOa (XL). Opening of the newly formed 

WindauB and Palmer, Ber., Bl, 192 (1919) ; Windaus, Rnaenbach. and RMnuuan, 
Z. jAyiM. ISO, 113 (1923). 

4* Windaiu and Palmer, reference 41 ; Windaoe. Per., S3, 4S8 (1920). 

4* Farmer and Kraoovald, /. Chem. Soe., 680 (1927). C/. Hill, /. Am. Cktm. See., SS, 
4110 (1930). . 

44 Stange, Z. phytiol. Chem., SIS, 74 (1933). 

* Modd Btudiee on four of the six Uieoretically poesible perh 7 drodk>hemo adda by 
Vooke, Ann., BOS, 1 (1934), HOckel, Md., BOB, 10 (1934), and by linatead and Walpole, 
J. Chem. Sac., 850 (1039), do not darify the situation, since all the adda yield anhydrides, 
and three give eydio Imtones. The spatial oonfiguration of the carboxyl groups is perhaps 
the dedding factor [Buxioka, Furter, and Thonaann, Hsls. Ckim. Acta, IS, 327 (1^)]. 

44 Edde and Abdnfaalden, Ber., SB, 3179 (1908) ; Windaua, Ber., «l, Oil, 2658 (1908); 
Si, 8770 (1909) ; 45, 1816, 2431 (1912). 
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oxidatioa e^vee a tricaxboxy^lic acid, C34H4oO« (XU). Hiis add 
IScew^ forms a koto add (XLII) when treated witii acetic aohydride, 
tbxd demonstiating a l,&dicarboxylic add. Since in the transformation 
to the tricarbos^lic add (XLI) three carbon atoms are lost as carbon 
t£c»d(te, and the end product can be converted to a keto acid, both rings 
A and B must have been dx-membered. 

The Size of Sing D. Dehydration of any of the bile acids is readily 
tested by distillation in high vacuum. The resulting unsaturated 
adds may be catalytically hydrogenated to the parent cholanic add 




(XLIII). By means of the Barbier-Wieland degradation and oxidation, 
cholanic add can be d^raded stepwise" through the following stages: 
diohmic add (Ca4) —* norcholanic add (C28) —» bisnorcholanic add 
(Cfls, XLTV) -^etiocholyl methyl ketone* (C21, XLV) -> etiocholanic 

^ WMaad, SohlidiUng, Jaoobit Z, phytiol, Chem,, ISl, 80 ( 1026 ) . 

*Etaoeh<d}l mettwl Icetons was not obtained by Wielaivd by degradation but aa a 
by*|wDduot tram tbe oxidation mixtorei of the previoua stepe. BisnoreboUmio adds have 
teen degraded to etiodudyl metbyl ketonee by a numbM of other workers, however. See 
Srfanisa Kanuo, Z. phytiel, Chtm., S44, 167 (1936), and Momnan, Steiger, and 
lUildiatate, HOe. Ckim. Aeta. M, 1 (19371. The data of Reidiatein show that 100 g. of 
diote aeid yields about 40 g. of noreboUc add and, by auooeeding degradation, 10 g. of 
tMMmbdio »dd sad 1 Ji g. of tiaiydroxyetioobolyl methyl ketone. 
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fuad (C20) XLVI) -+ etiocholanone (C19, XLVII) -> etaobOianio add 
(CiB, XLVIII, a dicarboxylic acid). These reactions demonstrate the 

CH, 

presence of a side chain, — CH — CHj — CHj — COsH, attached to a ring. 



XLVI XLvn xmn 

Etloobolooic add SUocholanoQO Bttott il la n ic acid 

The transfonpation of etiocholanone to etiobilionic acid without loss of 
carbon shows that this attachment is through a tertiary carbon, and that 
adjacent to the tertiary carbon there is a methylene group. Thermal 
decomposition of the end product of oxidation, etiobilianic acid, gives 
an acid anhydride and not a ketone. Since the ring is opened without 
loss of carbon, and with the production of an acid that behaves like 
glutaric acid, a five-membered ring is indicated. Because of the failure 
of Blanc’s rule, the formation of an anhydride is not adequate proof 
that ring D is five-membered. When the evidence from the dehydro- 
genation experiments, particularly the formation of methylcholanthrene, 
is added to this degradation, the proof is convincing. 

The Degradation of Lithocholic Acid. When lithocholic acid 
(XLIX), 3(a)-hydroxycholanic acid, is oxidized with nitric acid, the 
ring bearing the hydroxyl group is opened to give two isomeric tricar- 
boxylic acids, lithobilianic (L) and isolithobilianic (LI) acids, formed 
by the rupture of bonds on different ades of the hydroxyl group.*’ 
These two acids are identical with a pmr formed by stepwise oxidation 
of coprosterol. In the first step, ring A is opened with the formation of 
two dicarboxylic acids, one of which is less soluble than the other. 
Further oxidation removes the isopropyl group of the isodotyl side chain, 

« Widftnd and Weyland, Z. phv>M. Chem., l», 123 (1920). 



omAmo CBmmmY 


!li» produeUon of fithdnliasic &(^ from tiio le6» adubls dioadbcxig'iic 
imd bolitbotaliaiuc sdid from the other add.^ As trould be tac- 
peoted, thermal and oxidadve degradation proceed throu^ stages 
analogous to those described for cholesterol (XXXVI-XLII). The trans- 
fcnraarion is summarised in structures UI-LV. The end product, the 






tetracarboJ^Hc add, CgnHsaOs (LV), is identical with an acid obtained 
b^ Windbns ** from the oxidation of the tricarboxylic add (XLI) formed 
in tis^degradadon of drolesterol. Thermal decomposition of LV 

<• ia^, W, J8» (1983). < 7 /. WiiuUu* sad Sknuum, ML, IM, 277 (1923). 

«(^. WMwXl, Biae. sad 8^, Mi., tU, 261 (1032). 
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{jroduoes a psrrdEetodicarbozylic add (LVI), tlnis diowaig the pxeeeiice 
of an adii»o add eryetem. TbJB keto add, 'vHam oxidiaed, passes thfou^ 
the stage of a maJbnic add to a tricarboxylic acid (LVII) from which 
only an anhydride can be formed. The end product must contain a 
glutaric add system, while the malonic add from which it was formed 
demonstrates a branching of the chain. On inspection it is apparent 
that the branching takes place at the quaternary carbon atom diagnosed 
in the degradation of cholestenone. Production of the ketodicarboxylic 
add (LVI) constitutes further proof that ring B is six-membered, for 
otherwise anhydride formation would occur. 

The Degradation of Desoxycholic Add. Chromic add oxidation 
in the cold of desoxycholic acid (LVIII) converts it to the corresponding 
diketo add, dehydrodesoxycholic add (LIX); further oxidation by 
means of nitric acid opens up one ring to form desoxybilianic add, a 
ketotricarboxylic acid (LX), which by Wolff-Kishner reduction* is con- 
verted to lithobilianic acid (L).“ One of the hydroxyl groups of desoxy- 
cholic acid must, therefore, be attached at Cs as in lithocholic add 
and cholesterol. If dehydrodesoxycholic acid (LIX) is treated with 
sdnc and alcoholic hydrochloric add, the 3-carbonyl group is reduced 
to methylene, with the formation of 13-ketocholanic add (^II), which 
is resistant to nitric add oxidation. By bromination and subsequent 
hydrolysis, an hydroxyl group may be introduced on a carbon adjacent 
to the carbonyl. The resulting hydroxyketone is readily oxidized with 
loss of carbon to a ketodicarboxylic add (LXIII). Repetition of this 
process gives rise to a ketotricarboxylic add (LXVI) and finally to 
the add C 13 H 20 O 9 (LXVIII).*® The othw fragment (LXVII) has not 
been isolated. The structvue of the important triadd, Ci 8 H 2 oOe 
(LXVIII), follows from another oxidative procedure. 

The Structnre of Add CuH|oO(. When desoxycholic add is acted 
upon by a mixture of concentrated nitric and sulfuric adds (mixed 
adds) in the cold, it passes through the stage of a diketodicarboxylic 
add (LXIX) to give a tetrabadc add, CieH 2408 (LXXI), and 1,3,3- 
butanetricarboxylic add (LXX) as a by-product. ThennaJ decomposi- 
tion of the tetrabadc add (LXXI) gives in low jdeld a pyroketodicar- 
boxylic acid (LXXII) which on oxidation is converted through a 
malonic add (LXXIII) to the add Ci 3 H 2 o 06 .®‘ Clemmensen reduction 
(p. 644) of the pyroketone (LXXII) transforms it into a dicarboxylio 
add. The diester of this dicfU'boxylic add reacts with phenylmag- 

* WoUt-Kiahner Teduotkm; The reduction of e oerfaonyl croup to methadone hr heatinx 
the hydraione or amntoerbuoae with eodium etiqdate in ethyl idoohol at ea. ISO" (p. 644) . 

" Wieiand and Kuhlenkampff, Z. phytiol. Cktm., 108, 295 (1920). 

M Wieiand and SohUohting, Qnd., lU, 276 (1924) ; Wieiand and Vooke, tMd.. ITT, 68 
(1929). 
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bromide in oidi a way Cbat but one ester group is con- 
verted to a carlnnol. Baibier-Wieland degradation of the carbinol 




Xm-Jt-aetacbolBiiie add LXI 




shows that tie reactive carboethoxy group is present in the side chain 
CH, 

•-ijH— <?Hr-CHr^O*H, found in desoxyoholic acid.* This side 
must also be present in the a<id CjsHgoOe. Since the side chain 
b hsoilll to be att^hei} to a five-membered ling, and three carboxyl 
IplUpR mgy be detected by titeation, (mly the fragment — CHa remains 
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to be placed. That this fr^^ent is a methyl group attached at Cis 
follows from an ingenious argument of Wieland and Dane.** 

The acid CisHaoO# (LXVIII) readily forms an anhydride; saponifica- 
tion of the anhydride does not produce the original acid, but an isom^ 
which has a lower melting point and greater solubility. Evidently a 
rearrangement from a trans to a cis form occurs, and if LXVTII has a 
irons structure, then the acid C18H24O8 (LXXI) must have a trana 
structure. The low yield of p3Toketone (LXXII) is thus accoimted for, 
and an interesting question of isomerism is raised, for the ketone is evi- 
dently a decalin-like compormd containing two cyclopentane rings in 
the trans position. Such a system has not been investigated, but accord- 
ing to Hiickel** the cis form should be strain-free, while the trans 
modification should exhibit a moderate degree of strain (p. 114 ). The 
investigations of Windaus** have shown that when a five-membered ring 


LXX. l.a.S-Bntane- 
tricarbokyUc tcld 

0:11 



is formed on a cyclohexane ring by thermal decomposition of dicarboxylic 
acids a cis form results, and in no case where attachment is through a 
secondary ring carbon is the trans form produced. In the formation of 
the pyroketone, however, the trans configuration per^ts unchanged, 
rearrangement being prevented through the influence of some other 
group. A methyl group attached at C13 would exert such an influence, 
while if it were attached at Ci* it would not prevent rearrangement. 

•• Wieluid and Dane, ibid., 916, 91 (1933). 

>* Hftokel, “Theoretiiche Orundlagen der organisolien Chemie," Akademisohe Verlaga* 
gea^Bchaft, Leipzig (1934), 2nd ed., Vol. I, p. 03. 

Wii^aus, Haded, ai^ Bevetey, Her., 66 , 91 (1923) ; 'VVmdana, Ann., 447, 233 (1926). 
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Hw {Kodactioa (LYIU-LXVIII) the acid CisHaoOo eoQsdtulbes a 
imx^ that the se«md hydroxyl of desoxyohoiie acid is attadied at Cis. 
&koe the demoQstiable five>meinbered ring com^ through the oxidation 
unscathed, the seocmd hydroxyl oouM not have b^n attached to it. 
Dxaminathm of the other dih3rdroxycbdaQic acids excludes the possi- 
hility of attachment to ring B. In ring C only two positions, Cn and Cis, 
can be (xmsidered, and only the latter is compatible with the behavior on 
Inominatkm. For example, if XIII were 11-ketocholanic acid, the 
remit of the first bromination (LXI-LXII) would be a tricarboxylic 
add. 

The other method (LXIX-LXXIII) of producing the acid Ci3H2o06, 
thou^ not affording as good direct evidence, serves as supplementary 
proof. If LXIX were an 11-keto compound, a — CHa — COaH group 
would be fonned on Cis as one of several products of the oxidation. 
Actually the oxidation proceeds in relatively good yield to form acid 
CieHa^Og, and the behavior of this acid is such that other structures 
cannot be conddered; the formation of the maionic acid LXXIII, for 
example, confirms the branching of the chain at Cgt 

The Side Chains. The point d attachment, Cn, of the principal 
ade chain to the nucleus was su^ested from x-ray and surface-film 
measurements (pp. 1348, 1762),® and confirmed by the formation of 
metbylcfaolanthrene from 12-ketocbolanic acid.“ The evidence on 
this point has been discussed and may be regarded as satisfactory. 

Sft After providing for the carbon and hydrogen requirements of the 
nudeus and the side chain of the sterols and bile acids, there remain two 
carbons and six hydrogens to be attached. These have been placed as 
methyl groups at Cjo and C13. The evidence indicating attachment of 
one of them at C13 is given above. For some time certmn of the English 
school of investigators favored attachment at C14 rather than at Cis, 
sinoe such a structixre fitted in with a postulated biological formation 
drolesterol from isoprene units (p. 72).** The argument collapsed, 
however, whm applied to eigosterol and to stigmasterol, which are alkyl- 
ated at C34, and the position at Cu is no longer seriously considered. 

Proof that the second methyl group is attached at Cio is much more 
direct. Tl»6 by-product of the nitric add oxidation of desoxycholic 
add, the tricarboxylic acid. C7H10O# (LXX), loses carbon dioxide when 
heated and forms oe-methylglutaric add. With this as a clue, sjmthesis 
has e8td}liehed the structure of LXX as 1,3,3'buianetricarboxylic acid.® 
The formation of this add shovrai the presence of a quaternary carbon 
atian bearing a methyl 0x>up. Sinoe Cio is known to be quaternary from 
the degni^don of diol^tenone, the proof of the attachment of a 
ott Stwol SttCofaBt. /• S 06 . Chm. H. 10 (tOffl). 
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meth^ 0x>up at this point seems to be conchisive, for the tricarboxylic 
acid must result from rings A and B in the oxidation of desoxycholic 
add. 

Stereochemistry* 

In cholestane (LXXIV), the parent hydrocarbon of cholesterol and 
dihydrocholesterol, there are centers of asymmetry at Cj, Cg, C9, Cjo, 
C13, C14, Ci7, and C20. The number of possible stereoisomers is accord- 
ingly 2 *, or 256 . With an hydroxyl group at Ca the posdble isomers 
are increased to 512 . Coprostane (LXXV) is one of the stereoisomers of 
cholestane, differing only in the spatial arrangement of the Cg — ^H. 
Nearly all the members of the cyclopentanoperhydrophenanthrene 



LXXIY. CboleetaxM LZZJTa 

(tran$. Iron*, front) 



group are derivatives of these two hydrocarbons, and it would be 
valuable to have precise structures for both. Unfortunately, it is pos- 
sible to portray only the probable structures and to indicate the inter- 
telaticmsfaip. 

* The aeveral upeets of eteteodMinietiy an oooiidarad in Qwpter 4, p. 3S9. 
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lllbe space modds for tiie cholestwe (fig. 1} and the coprostane 
type 2) are suffiested by sunilar representations by Ruzieka.** 
"The modds are built up from the assumption that the Cio — CH3 (R) 
group in both structures projects out from the plane of the paper. The 
siae of the balls does not show the probable atonuc aze, nor are the 
interatomic distances correctly represented; besides these defects, the 
position in space of the angular substituents and the relationship of 
one portion of the molecule to another may be entirely different from 
those shown. Nevertheless, the models are helpful in understanding the 
adjustments that probably occur in the change from one type to the 
other. Assuming that the Cio — CH3 comes forward, then in the choles- 
tane type the Cs — goes into the plane of the paper, and in the 



Fia. 1. — Choleetane type 



Fra. 2. — Coprostane type 


The illuBtiatioas are reproductions of space models of the two types. The posi- 
tion in iqjace of the atoms is shown by the size and the shading of the balls that are 
used to repres^t the various atoms or groups. The atoms nearest the eye are shown 
hy the largest balls, and, where these repreeent carbon atoms, by full intensity of 
UatA. The atoms in planes below this are represented by smaller balls and by 
decreased intmirity of Mack. The rircles marked '‘X” represent any group attached 
at Cs. 

oE^rostane type it etumai out from the plane of the paper. The spatial 
ac^ustments in the configuration of rings A and B are such that in 
dbcdeetane these two rings are “diair types”; in coprostane, ‘‘saddle 

** RuridEaTPorter, and TTiomann, Beh. CMm. Aeta, It, 331 (1988). 
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t 3 i)es” (p. 114). From the models it can be seen that a substituent at C 3 
does not occupy exactly iJie same relative position either to the Cs — or 
to the Cio — CH3 in both types. Aade from these differences the two 
molecules appear to be the same. The evidence presented below do^ 
not disclose any discrepancies in these representations, but the methods 
used to obtain it are not completely satisfactory. 

For representations on a plane surface, dotted and solid lines are 
employed to indicate the spatial configuration. As has been mentioned 
previously, the dotted lines indicate bonds going into the plane of the 
paper; the solid lines, bonds lying in or coming out of the plane of the 
paper. The use of such lines (as is shown in structures LXXIVa and 
LXXVo) for an entire structure is cumbersome, and in practice only 
selected portions of the molecule are so represented. The method has 
the disadvantage that a solid line is the normal way of representing 
a linkage, and where the spatial configuration is unknown the implied 
structure may be erroneous. 

Spatial Isomerism of the Nuclear Rings. The experimental evi- 
dence in support of the structures of cholestane and coprostane has 
been obtained largely from the chemical behavior of degradation 
products of the bile acids and from physical measurements on the 
hydrocarbons themselves. 

Rings A /B. Windaus has studied the behavior of the four litho- 
bilianic acids when subjected to thermal decomposition. Lithobilianic 
acid (L) and oZlolithobilianic acid (LXXVI) give the same pyro acid 
(LII) ; isolithobilianic acid (LI) and oZZoisolithobilianic acid (LXXVII) 
give two different pyro acids, LXXVIII and LXXIX. Clemmensen 
reduction of pyrolithobilianic acid and of pyroisolithobilianic acid gives 
the same desoxo compound (LXXX).* Lithobilianic acid and isolitho- 
bilianic acid must have the 0 $ — and the Cio — CH 3 in the same 
relationship, since both are produced from lithocholic acid and both 
can be transformed to the same end product. Allolithobilianic acid and 
offoisoUthobilianic acid give different pyro acids and desoxopyro acids. 
Obviously, affolithobilianic acid must have undergone a rearrangement 
in the thermal treatment, and the same arguments apply here as were 
used previously in the case of the acid CisHzoOg (LXVTII) (p. 1363), 
that a rearrangement from a trans to a cis structure occurs. Since the 
lithobilianic acids may be regarded as degradation products of cop- 
rostane in which ring A has been opmied, and the offolithobilianic adds 

" WindauB, Ann., 447, 240 (1026), and reference 54. 

*AUoUthobilianic acid and aUoieoliUiobili&nic acid may be prepared from hyodeaozy- 
oholio (3,6-dUiydroxyoholanio) acid or from cbdeaterol. The transformation ia d iee o ww d 
later 1420). 
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m iiieignsdatkm producta ol cbolestane, it foUoTim that nogs A/B hava 
a dis rdatiicmship in (^prostaoe and a tmna relationship in oholeslane. 
Ifimilar results Imve been obtained by Lettr^*^ aith the corresponding 
Chcarbo 3 ^c acids from dihydrocholesterol and ooprosterol. Not only 
dP these transfonnations establish the relationship of rings A/B, but 
also tbey show that aside from these rings the spatial configuration of 
the two types is the same. 



En. PrraOlbobiUanle ncia XXJX EXXVni. Tntilio- JXXIX. :P]rraaltptw>> 

attoblUulc acid . UttoblUanlc scld 


Buricka^' has examined the physical constants of cholestaoe 
(LXXrV) and coprostane (LXXV), and compared them with the 
known examples of the ds and trans decalins. Cholestane was found 
to have a lower density, higher molecular refraction, and higher melting 
pc^t than coprostane. Reasoning from the decalins (p. 484), the re- 
lationship of rings A/B is trans in cholestane and cis in coprostane. 

In addition to the differences in the physical properties in the two 
fractures, there are chemical dissiinilarities. When the 3-keto com- 
pounds of the cholestane type are oxidized to acids, ring opening takes 
place principally at C 2 — C 3 , while with the bile acids which are of the 
ooprostane ts^pe opmng of ring A occurs chiefly at C 3 — C*.** The 
diearboxylic acids formed by opening the ring between C 2 and C 3 are 
more soluble than those resulting from the cleavage of the C 3 — C 4 bond. 
Ckt treating the 3-keto compounds with bromine, substitution takes 
place predominantly at C 4 with the bile acids (coprostane type), and at 
Cz with the cholestane stnjffture.*'’ These reactions suggest that enoliza- 
tiion is primarily from Cs in one case, and Cj to C 3 in the other. 

*• Bvcieka, Furter, and Bel*. Chim. Acta, 16, 327 (1833). 

** Wifllaiid, Dane, aSl^^Hilus, Z. phytUA. Cftem., tM, 16 (1938). 

^SvimttivSr: SuiMM^I^oknumn, Wolfi, and Kadnua, Bcr., 69, 2779 (1936). C/. 
BluiiAa, Boaihaid, and Wiix. Belt. Chim. Acta, 16, 1147 (1986). 
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Maito',** bowevcf, has ptwted out lhat these gaieraluatkms do not 
apply to 3 -ketocoprostane itself, and argues that the substitu^t at C17 
influences the course oxidation and (rf substitution' reactions on 
ring A.* 

Rings B/C. The x-ray and surface-film measurements of Bernal* 
show that the molecules of the sterols must be flat, as in paraffin hydro- 
carbons with methyl side chains. Models of the sterol molecules in 
which rings B/C are trans are flat, in agreement with the {ffiysical 
measurements, while a da structure at this point gives a bowed-in 
or condensed model. Another poative argument for such a configura- 
tion comes from the work of \^eland.*® After 7 , 12 -diketocholanic add 
is heated for ten hours with dilute alkali, it can be recovered unchanged. 
Since Jhe neighboring center of as5unmetry to C12 carries a methyl 
group, rearrangement at this point is impossible, and the absence of 
rearrangement must mean that the Cg — is in the stable trans configurer 
tion with respect to the Co — H. This is in accord with Hfickel’s *• 
experience that only cis-decalones rearrange into tram when treated 
with alkali. For convenience rather than with reason, the Co — is 
usually represented as being trans to the Cio — CH3, and the practice is 
frequently bulwarked by the argument of steric hindrance. 

Ririgs C/D. The behavior of the acid C13H20O9 (LXVIII) on thermal 
decomposition furnishes the evidence for a trans relationship of the 
Ci3 — CH3 and the Cu — H.f The structural representation of this 
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HO 
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transformation, which was not given previously, is dted here. In the 
production of the anhydride LXXXl, a rearrangement occurs, and on 
saponification the lower-mdting cis form, LXXXII, of the add results. 

Marker et al., J. Am. Chmn. Soc., 61, 3517 (1039). 

* The interpretation of the experiment^ evidence by Marker haa been queatimied 
Spring, Ann. Bepta. Chan. See. (London), 87, footnote p. 358 (1940). 

** Wieland and Wiederaheim, Z. •physiol. Cksm., 186, 232 (1930). 

" HOekel, Ann., 661, 1 (1936). Cf. Windaus, HQokel, and Reverey, Bar., 86, 91 (1^) ; 
Linatead and Meade, J. Chsm. Soe., 938 (1934) ; Cook and Linatead, ibid., 946 (1934) ; 
Barrett and linatead, ibid., 436 (1935). 

t For a further argument indioating a (roaa oonSguration of ringa C/D, aee footnote on 
p. 1408. 
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the Bide Chain at Cn. The ready formatkai of dehydronoi^olene 
(KIV) fxom 12<ketocholaaic add (Xlll) has been used by Wieiand as 
m ai^ument that the side chain at Cj? occupies a irans position with 
respect to the Cis — CHa. Consideration of space models hardly con- 
firms this contention, and Ruzicka ** has suggested that a ds configura- 
tion. is a better representation. In Figs. 1 and 2, this side chain is 
dxown in the cis configuration, but without convincing evidence the 
issue must be left open. 

Spatial Isomerism of die Hydto^l Groups. In this discussion the 
spatial configurations of the hydroxyl groups are described by the 
prefixes a and /3 following a convention introduced by Fieser.*® A 
^-configuration is taken as that of the C3 — OH of cholesterol, dihydro- 
cholesterol, etc., and an o-configuration as that of the same group in 
the bile acids. Hydroxyl groups located at other positions on the ring, 
and on the side chains, are similarly described by these prefixes. Pro- 
vifflonally a ring hydroxyl group with jS-configuration may be regarded 
as having a ds relationship to the nearest angular methyl group, and in 
accord with this is represented by a solid line. Conversely, an a-con- 
figurstion may be regarded as trana to the reference point and is repre- 
sented by a broken line. The advantage of this terminology is apparent 
since it is not too definite and readily permits adjustment should later 
work show that the spatial relationships are other than those now 
implied. This terminology may be supplemented by another practice. 
The first member of the epimeric pair to be isolated or synthesized is 
regarded as having a normal (n-) structure, while the second, or unusual 
form, is described as an epi modification.** Thus, dihydrocholesterol 
may be described as 3(j3)-hydroxychole8tane, and its epimer as epidi- 
hydrocholesterol, or 3(a)-hydroxychole8tane. 

Ruzicka and co-workers use a somewhat different convention. Ac- 
cording to their practice, the spatial configuration of an hydroxyl group 
is described as c (cis) or t (trans) to the nearest center of asymmetry. An 
hydroxyl group at C3 is referred to the C# — H, one at C17 to the 
Ci3 — CH3, etc. This usage is somewhat unsatisfactory since in many of 
the steroids there is an ethenoid linkage at C5, and it is necessary to refer 
a C3 — OH td the C5 — H of the corresponding saturated compound. By 
this practice the hydroxyl group in both cholesterol and dihydrocholes- 
terol is described by Ruacka as 3(0-hydroxy-, although in choles- 

** Rnsoka, Q«ldbetg, and Win. fffb. Chim. Acta, 18, 81 (1036). 

**yieier, "Hw Citemistry of Nstoral Produeta Related to Fbenonthrene,” Reinhold 
PaSitkdiios Coip., New Y«'l|..(ie37), 2ad ed., p. 399. 
m Q. ButesOndi and MPler, R«r., 71, 191 (1038). 

et ol.. Acta, IT. 1386, 1407 (1034); 16. 01 (1936); ». 00. 343 
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terol the reference hydrogen at C 5 is absent. Mieschffl: and Fischer 
have suggested that this difficulty may be surmounted by using the 
Cg — as a reference point. 

The C 3 — OH. When a definite reference point is stated, certain 
general relationships should be inherent in the assigned structures. 
Unfortunately, the conclusions that are reached from most of the reac- 
tions of the C 3 — OH are somewhat at variance with those arrived at in 
another way. This is brought out by considering the isomeric choles- 
tanols and coprosterols. 

Catalytic hydrogenation of cholesterol or cholestanone *• (LXXXITI) 
in neutral solvents gives dihydroeholesterol ” (cholestanol), while hydro- 
genation of cholestanone in acid media (acetic acid and hydrobrmnic 
acid, or butyl ether and hydrobromic acid) forms ejwdihydrocholesterol 
(LXXXIV).’^ Applying the rule of v. Auwers-Skita ” that neutral me- 
dia favor the formation of irans modifications and that acid media lead to 
da structvues, dihydroeholesterol is 3(lrans)-hydroxy, and epidihydro- 
cholesterol is 3(cw)-hydroxy with respect to the Cs — ^H. On cataljdic 
hydrogenation of cholestenone (XXIV) in neutral media, coprostanone 
(LXXXV) is formed,’’ apparently in violation of v. Auwers-Skita’s rule. 
Continued hydrogenation produces coprosterol (LXXXVT) in acid media 
and eptcoprosterol (LXXXVII) in neutral media.” From this mode of 
formation the relationship of the C 3 — OH to the C 5 — H appears to be cis 
in coprosterol and tram in epicoprosterol. The conclusion seems war- 
ranted that dihydroeholesterol and epz'coprosterol are transoid (lower 
energy content) while coprosterol and epidihydrocholesterol are cisoid 
(higher energy content).* 

In agreement with this concluaon, when the four sterols are epi- 
merized by heating in alcoholic solution at 180° with sodium ethoxide, or 
by refluxing with aluminum isopropoxide in xylene, the compounds 
which seem to have transoid nature predominate over the cisoid in a ratio 

Miescher and Fischer, J. Soe. Chem. Irul., 68, 113 (1938). 

•• Bruce, Org. Syntheses, 17, 43 (1937), John Wiley & Sons, New York. 

Bruce and Ralls, Org. Syntheses, IT, 46 (1937), John Wiley & Sons, New York. 

“ Vavon and Jakubowics, BtM. soc. tAim., 6S, 581 (1933). 

« V. Auwors, Ann., 480, 91 (1920); SkiU, Ber. 83, 1729 (1920). 

’’Qrasshof, Z. jAysiol. Chem., 888, 197 (1934); Rusicka, BrOnggei'. Eiohenbfflrger, 
and Meyer, Heh. Chim. Aila, IT, 1407 (1934). Summary: Rusicka, ibid., US, 94 
(1936). 

* Proof that the spatial configuration of the Ct — OH group in dihydroeholesterol is tbs 
same as in coprosterol has been furnished by Reichstein and Latdon, HeU. Chim. Aeta, 
14, 956 (1941). Catalytic hydrogenation of dehydroandrosterone acetate (p. 1603) in 
acetic a<nd with plaUnum as a catalyst gives the acetates of 6Uoaftocholan-303).4>l-17-one 
(predominantly) and of etiocholan-3(fi)-<d-17-one. The former is obtained also by ofaromio 
add oxidation of dihydrooholesterol aoetate, and the latter by oxidatidn of eopresterd 
acetate ((/. p. 1602). 
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d idkiat 9 ; 1.” Wboa sudi as ei^eric n^ure is treated in alocdiotie 
sdloticm witii the sapcnun digittmin (p. 1455), dihydrocholesterol and 
oqproeterol form insoluble addition compounds and ti^e epimeric addition 




compounds remain in soluticHi. If formation of an insoluble digitonide 
kidicates a similfuity of structure, it is difficult to reconcile this fact 
with the other reactions. Ruticka,^* from a consideration of models 
built with Stumt atmns, offers the argummt that the formation of an 
insohtMe digitooMe occurs when the hydroxyl group is unhindered and at 

Baracitt, BeQbron, JoDas, Hod Vanill, J, Chtm. See., 1890 (1040). Eadier nfersnoM 
lue ta iSlifwticlA. 

» EMdM, SStrtor. SpOdldbwg. ?«]». Chim. Ada, IB. 498 (193B). 

MStoart, Z. fhvtik. §&m., m, 360 (1034). 
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the end of a long axis. Because of the uncertainty of atgunamts based on 
mechanical models, and especially on Stuart models, this contention is 
not wholly convincing. 

From the study of numerous epimeric alcohols among the steroids 
and among model compounds, it is evident that transoid forms undergo 
dehydration less readily than the dsoid, and that esters of the transoid 
alcohols are hydrolyzed more easily than those of the cisoid.” When the 
four saturated sterols are examined by these reactions, dihydrocholes- 
terol is dehydrated more easDy than eptdihydrocholesterol, but there are 
no satisfactory data on the behavior of the coprosterols. The esters of 
dihydrocholesterol are hydrolyzed more rapidly than those of epidihy- 
drocholesterol, and the esters of eptcoprosterol are hydrolyzed somewhat 
more rapidly than those of coprosterol. 

Related both to ester formation and to digitonide formation is the be- 
havior of the stereoisomers in the ease of glucoside formation. Miescher 
concluded that glucoside formation occurs readily with dihydrocholes- 
terol and coprosterol but does not occur with the epimers. This apparent 
analogy to digitonide formation has been discredited by Linstead,’* who, 
using only dihydrocholesterol and cpthydrocholesterol, showed that 
glucoside formation is equally rapid with both epimers. The glucosides 
from epidihydrocholesterol are more soluble and are more difficult to iso- 
late, however, than those from dihydrocholesterol. 

W. Stoll has suggested another means of establishing an epi con- 
figuration. The p-toluenesulfonates of the normal (6) saturated sterols 
react slowly when boiled with methyl alcohol to form methyl ethers, but 
the p-toluenesulfonates of the epimers are converted into unsaturated 
compounds by the same treatment. It is difficult to evaluate this method 
because it has been applied to relatively few compounds. 

Walden Inversion of the C 3 — OH. When cholesterol (II) is treated 
with phosphorus pentachloride or thionyl chloride, the hydroxyl is re- 
placed with chlorine. Subsequent regeneration of the hydroxyl by 
treatment of cholesteryl chloride with potassium acetate followed by 
saponification returns the original cholesterol. If, however, the choles- 
teryl chloride is catalyticaUy hydrogenated and the chlorine then 
replaced with hydroxyl, epidihydrocholesterol is obtained rather than 
dihydrocholesterol, and, obviously, at some stage of this transformation 
there is a Walden rearrangement about Ca.'^ The two chlorinating 

” Cf. Marvel and Gian, J. Am. Chem. 80c., 60, 1061 (1938). 
n MieocW and Fiaohn, Htlr. Chim. Acta, 61, 336 (1938). 
n Linstead, J. Am. Chem. See., 6*, 1766 (1940). 

*0 Stoll, Z. physiol. Chem., 6 M, 1 (19S7). 

Mnker, J. Am. Chem. See., 07, 1756 (1935) ; Marker, Whitmore, and Kamm, ibid., 
07, 2368 (1936). C/. Bergmann, Belt. Chim. Acte, 90. 690 (1987). 
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b^ve differently with dihydrochdesterol and its e|mer. 
I%Qspihoni8 pentachloride witii (hhydmcholesterol gives the so-called 
jS-chdestjd chloride, m.p. 102“,® but thionyl chloride produces 
o-didieBtyl chloride, m.p. 112“." With epidihydrocholesterol the two 
rea^nts produce the a- and /S-compounds, respectively. These trane- 
formatious have been summarized by Marker® as follows: 


Cholesterol ^ 


jra < 


|b. 

PO. 

Dihydrocholesterol ^ ^ /3-Choleetyl chloride 

KAo 


CrO, 

then 

H, 


' KAo 
80CI, 


T 


PCls 

fptdihydrocholesterol ( ^ a-Cholestyl chloride 

KAo 


H, 


The uncertain nature of the changes that occur in the course of 
Walden inversion vitiate somewhat a proof that the C3 — OH of choles- 
terol is cis to the Cio — CH3.** By suitable transformations cholesterol 
can be converted to S-hydroxycholestan-G-one (LXXXVIII), a com- 
pound which appears to be spatially similar to cholesterol since both 
form insoluble digitonides. Treatment with phosphorus pentachloride 
converts this keto alcohol to (S-S-chlorocholestan-b-one (LXXXIX), 
m.p. 180-181“. The isomeric a-S-chlorocholestan-O-one (XCII), m.p. 
128-129“, may be obtained from cholesteryl chloride by nitration (at Co) 
followed by reduction with zinc and acetic acid. On oxidation with 
nitric acid both chloroketones are opened in ring B to give chlorodicar- 
boxylic acids, which, by treatment with alkali, are converted to the 
respective 3-hydroxydicarboxj'lic acids. The hydroxydicarboxylic acid 
(XC) from the /S-S-chlorocholestanone forms a lactone, but the stereo- 
isomer (XCIII) does not. Since, by the Alder-Stein “ rule, lactone 
formation occurs only when hydroxyl and carboxyl groups are cis to each 
other, it follows that the C3 — OH of XC must be m to the Cs — COOH 
and also to the Cio — CH3. If the assumption is made that Walden 
inversion faks not occurred in the transformation LXXXVHI-XC, or 

" lAds and Linn, Bet., 41, fi4S (1908) ; Riuioka, Ckuldberg, and Brannger, Helv. Chim 
Am, 17, 1389 (im). 

•* RucidM, Wir», and Mey«, Seh. Chim. Ada, la, 098 (1936). 

"Letttd: S*r., SB, 7#<198S). 

® MAist and Steio, Atm MA SS9 (1033). 
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are formed in both iostencre^ the C 7 — OH group must be da 
to tire C 5 — (X>OH <rf Uthobilumk add, nid fratre to both tlie Cb~H end 
tire Cio — C93a-“ Sy the convention used in this discussion, however, 
&ese C 7 — OH groups are described as having the a-configuration. 

Structure and Optical Rotation. Belatively little work has been 
done on the correlation of stmcture and optical rotation. From 
the molecular rotations of various pairs of compounds Callow and 
Young ‘ have noted that epimerization of the Cs — OH group from the 
cis position with respect to the Cio — CHs group to a trans position is 
accompanied by a shift of rotation to the ri^t. This increase of d-rota- 
tion is seen freon the data (pven in the tables in the following discussion, 
where, for comparison, the specific rotations of isomers serve as well as 
the molecular rotations. Not enough cases of inversion of an hydroxyl 
group at C 4 , Cs, or C 17 were studied to permit conclusive generaliza- 
tions to be made for these positions, but the introduction of a double 
bond into the molecule alters the d-rotation as follows: Compounds 
aith unsaturation at A^, and A^^ show a marked decrease in d-rota- 
tdon; at a small decrease; at A^, an irregular effect; at A’*, a small 
increase; and at A^ a marked increase. Reduction of a C 17 carbonyl 
group to carbinol decreases the d-rotation slightly. 

Lettrd * has extended this work by studying the molecular rotations 
of neoergosterol (XCIV) and cpineoergosterol (XCV) and their deriva- 
tives. In these sterols there are no centers of asymmetry in ring B, and 
the rotation is due entirely to the effects of asymmetric carbon atoms, 
Cj, C 18 , Ci 4 , Ci 7 , and the side chain. The asymmetric center at Cs is so 
far removed from the other centers that the total rotation may be split 
up into two parts; part B, due to C 3 ; and part A, due to the rest of the 
molecule. On calculating the values for A and B in neoergosterol and 
epineoergosterol, it is apparent that B (Cs) has a negative value in neoer- 
gosterol, but is positive in cpineoergosterol. The same relationship 

Neoagoeterol*. [alo — 11®; [MId ■= — 41-8° = A — B “ 31.2° — 73° 

Bpmeo^gosterol: [cJd H- 27.4°; [ifln =•+ 104.2° =* A -f B = 31.2° + 73° 

apifiies to derivatives of the two sterols. Because of the sign of the rota- 
twm, neoeigostm)! may be regarded as a derivative of ( — )-oo-tetrahydro- 
^-na^thol (XCVI) and cpineoergosterol of (-f)-a<^-tetrahydro-^ 
naj^tlrel (XCVII) {[MJd “ ±99.6).* Since neoergosterol or cpineoer- 
gokmii can be eoretl&ted with the other compounds of the cyolopentano- 
periiydrophenanthoj^ group containing a Cs— OH group, all these 
eoDc^^mnds are reit^ to the ac-tetrshydro-/}-naphtiiols. 

** IctiiA to. 4|0 (1US7>. 

•* PiehMd and Kenyea. J. Ckm. Soe., IM. 1427 (m2). 
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From a consideration of the above and other results, Wallis has 
concluded that rules, such as Hudson’s carbohydrate rules (p. 1651), 
cannot be developed for the framework of the sterdds, but that 
the effects of certain groui^Q|gi' may be evaluated. For example, the 



XOXV. Neoergoctecol 


XOV. £p<oeoervoateK>l 



XOVI. (— ) oo-Tetrahydro- -niDhthol XCrvn. ( +) oo-Tetrahydxti-^-niiphthQl 

rotation due to a group at C 3 may be determined from known com- 
pounds and used in the study of new steroids. 


THE STEROLS 

The sterols may be defined as the saturated and imsaturated alcohols 
derived from cyclopentanoperhydrophenanthrene. By this deffnition 
some of the sex hormones and certain of the adrenal substances are 
sterols, but it is more convenient to discuss them separately. In nature 
the sterols are widely distributed, both free and combined as esters or 
glycosides (p. 1572). Esters of the sterols with fatty acids are common 
to both animal and plant life, but the glycoades, the so-'called sterolins, 
occur only in plants. For classification, the sterols are divided on the 
basis of occurrence into aodsterols (animal sterols), phytosterols (plant 
sterols), and mycosterols (sterols of yeast and fimgi). 

The sterols are usually isolated in the form of well-<aystallized com- 
pounds with a waxy feel from the unsaponifiable portion of fat extracts. 
Since more than one sterol is usually present in any natural product, 
separation is often difficult. The occurrence of mixed crystals and of 
molecular compounds sometimes mak^ purification of the free alcohol 

** Bamatein, E^uanuum, and Wallis, /. Org. CKcm., 6 , Sift (1941) ; Bernatein, Wilacn, 
Jr., and Wallis, ibid., 7, 103 (1942). 
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3(3)-Hydroxy-24-methyl CjsILsO 2 + 146 — 61 Rapeseed 

A®' ®-clioleetadiene 

30J)-Hydroxy-24-ethyl- C*9H«0 3 + 164 —113.1 Stigmaste 

A®' “-cholestatriene 
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orystaSizatim kopractioable. In this case, advantage Is taken of the 
diffar^tial solubilities of derivatives such as the dibromides ot unsat- 
lirated sterols and the di^tonides, or the mixture is resolved by chroma- 
tqsraphic analysis.*^ 

Because of the difficulty of obtaining pure compounds, nmny of the 
analyses reported in the older literature are erroneous. Even though a 
pure oompotmd is available for analysis, the results may be hard to inter- 
pret. For this reason, analyses are based frequently on the acetate and 
on the dinitrobenzoate rather than <m the free sterol.*^ 

The ph 3 ^cal properties of a number of the more important sterols 
are given in Table I. In this taUe the compounds are named as deriva- 
tives of the stereoisomeric hydrocarbons, cholestane and coprostane 
(p. 1367). With the tmsaturated sterols, particularly those ■with unsatu- 
ration at Cg, there is a problem of reference compound. It seems best to 
refer them all to cholestane, rather than to relate some to this hydro- 
carbon and others to coprostane. The sterols derived from the two 
hydrocarbons pr^nane (p. 1489) and urane (p. 1496) do not fit in this 
general dasaficatiou and are treated separately. 

General Reactions of the Sterols 

The reactions the sterols may be discussed in relation to type 
formula L As this structure shows, there is an hydroxyl group at C 3 , and 
in many of the natural sterols there is imsaturation at Cg. The side 



it Of* Tb» rtde ctola jniy be aa nteir rted Og 

Ahoin attad>ed at On is genendly isodctyl or substituted isodctyl. In a 
few of the sterols th^ is unsaturation in the side (hain at €22 or C 24 , 
and in a number ol than the ade chain is substituted with a methyl or 

Cy., iii|^ aln, Iiadeaboia, FcndioU, sod WalUa. /. Org. CKem., S, 2M (1938); Btoek- 
Ckktt., 9 $. 384 (1010) ; Sobel and Spoeiri, J. Jm. Chem. 5ae., M, 861 (1942) . 
**Simdivkt and Ooj^ Mtr., t8, 193S (1830) ; Sandqviat and BmgtWDn, Bet., M, 
0147 (1081) ; Wiadgwa, Wetdar, aod Owdaidw, Ber., W, 1006 (1932). 
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an ethyl group at € 24 . These charactanstic features tlw sterol mole* 
cule are doubtless of biogenetic significaaoe. 

The Cs — OH. In addition to the reactions of a secondary hydroxyl 
group, the C 3 — OH undergoes a number of changes that are conditioned 
by the structure of the molecule and by the nature of the reagents used. 
The Walden inversion that occurs when the saturated sterols are treated 
with chlorinating agents and regenerated has been discussed (p. 1375). 
An unusual kind of rearrangement that involves more fundamental 
changes is known for the A^-unsaturated sterols. 

Cholesteryl p-toluenesulfonate and methanol react smoothly to give 
two different cholesteryl methyl ethers." With methanol alone, the 
expected l-ether, m.p. 84®, [a]ir42°, is obtained,** but with methanol and 
potassium acetate a d-ether, m.p. 79®, Mn + 51.8°, results. Similarly, 
from cholesteryl chloride the lather is formed by treatment with meth- 
anol alone, and the d-ether by treatment with methanol and potassium 
acetate.** Analogous acetates are obtained if the p-toluenesulfonate is 
treated with acetic anhydride in the absence, or in the presence, of 
potassium acetate. On hydrolysis of the d-denvatives, the compound 
known as i-cholesterol (II) is obtained.*® The structure assigned to this 
sterol is based on the following arguments: The hydroxyl group is 
attached at Cg for, on chromic add oxidation of t-cbolesterol, a ketone 
(III) is formed, which on treatment with hydrogen chloride in acetic 
add is converted to a-3-chlorocholestan-6-one (p. 1377). The Cs double 
bond of cholesterol is no longer present in i-cholesterol since the lattCT 
compound, and its derivatives, are not acted upon by perbenzoic add or 
ozone, and do not brominate readily. When bromination does occur, 



0 

n. <etH)iMten>i in 

**StoU, Z. phpnol. Chem., SOT, 147 (1932); 040 , 6 (1937). 

** Diels and Blumberg, Ber., 44 , 2847 (1911) ; Bills and MacDonald, J. BicL Ch*m^ 
n, 1 (1927). 

** Wagner-Jauregg and Werner, Z. phptioL Chem., US, 119 (1932). 

**Wallia, Femhols, and (3ephart, J. Am. Chem. Soc., B8, 137 (1^7); Ford, Cbnk- 
ravorty, and W^dlia, ibid., 00 , 413 (1938) ; Beynon, Eeilbron, and Bprii>g. Chem, Soc., 
907 (1938). Cf. idem, ibid., 907 (1936) : 406, 1469 (1937) ; Butenandt and Oroeae, Ber., 
TO, 1446 (1^). 
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tiHei product is not a 5,6^bromo-addition derivative but a 3,5,6>tri- 
iU’^GOto-substitution-addition compound. i-Cholesterol can be rearranged 
to dmlesterol by various procedures, such as heating with zinc acetate 
and acetic arid, and it can be hydrt^nated to dihydrocholesterol with 
platinum as a catal 3 rst. The assumption of the cyclopropane ring is 
compatible with these reactions, but there is no direct proof of such a 
structure. This ring, if present, is much more stable in the dicarboxylic 
acids finmed by opening ring B through alkaline oxidation with perman- 
ganate than in the parent compound.*^ 

Prom the study of other sterols ** and of a number of compoimds 
rriated to the male sex hormones,** it is evident that the formation of 
i-steroids from normal steroids with an hydroxyl group at C 3 and a double 
bond at C 5 is one of the general reactions of the group. 

The Cm Side Chain. Except in the members of the pregnane and 
the urane series (p. 1487), the C 17 side chain of the natural sterols is an 
isoSctyl or substituted isooctyl group. Where there is unsaturation in 
this ride chain, it is usually at € 22 . In determining the structure of such 
a ride chain the porition of the double bond is placed by examining the 
volatile aldehyde produced by the action of ozone. Thus, ethyliso- 
propylacetaldehyde is obtained from stigmasterol, and methylbopropyl- 
acetaldehyde from ergosterol and its irradiation products.'*® 

Chromic acid oxidation of the acetylated saturated sterols, or of the 
sterol hydrocarbons, cleaves the ride chain at the linkages with tertiary 
carbon atoms.* The composition of the mixture obtained by such an 

Ladenburg, Chakravorty. and Wallis, J. Am. Chem. Soc., 61, 3483 (1939). 
WFernhoU and Ruigh, ibid., 61. 3346 (1940). 

** Butenondt and Groase, Ber., 70, 1446 (1937). 

Reindel and Kipphan, Ann., 493 , 181 (1932) ; Guiteraa, Nakamiya, and InhoETen, 
Ann., 494 , 116 (1932). 

* The variety of compounds that can be obtained by chromic acid oridation of a sterol 
side chain is illnstrated by the products that have been isolated from the oxidation of 
tboieebenA (os acetate dibromide) under various conditions. In addition to 3(d)-hydroxy- 
n*-diirienio acid (p. 141S), A^.pregnenolone (p. 1488), and dehydroandcosterone (p. 1502), 
the following have been isolated: 3(^-hydrozy-A*-norcbolosten-26-ono (A) [by Ruzicka 
and Fischer, Heh. Chim, Aeta, 10 , 1291 (1937)], an hydroxy lactone formulated as 6 by 
MisSoh«' and Fischer, sbtd., 17, 155 (1939), and an unsaturated ketonic alcohol (C) by 
ROeter and Logemann, Ber., 71, 298 (1940), 
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oxidation is dependent on the temperature at Tidiich the oxidation is 
carried out but can be resolved into volatile and non-volatile ketone, 
acidic constituents, etc. The volatile ketones aid in determining the 
structure of the side chain. For example, from dihydrocfaolest^ol, 
isohexyi methyl ketone was isolated early in the course of the study of 
the structure of cholesterol.*®* The non-volatile ketones, i.e., ketones 
with carbonyl at C20 or C17, are useful intermediates in the prepara- 
tion of the sex hormones.*® By oxidative cleavage at C24 — Cjs or, where 
C24 is substituted by alkyl, atC23 — C24,bi]e acid derivatives are obtained 
that have been of value in determining the stereochemical relationships 
of the nucleus and of the C3 — OH. As an ilkrstration, 3(/3)-hydroxyaIZo- 
cholanic acid is formed as one of the products of the oxidation of acetyl- 
dihydrocholesterol, and its isolation served as one of the ways of estab- 
lishing the spatial relation of the hydroxyl group and of rings A/B.*“* 

The Nuclear Unsaturation. Nearly all the natural sterols are un- 
saturated in the 5,6-position. The method of determining the position 
of this double bond has been illustrated in the discussion of the structure 
of cholesterol (p. 1354) and has been tested on a sufficiently large num- 
ber of sterols to establish its general applicability. The double bond 
in the 5,6-position is more reactive, apparently, than a double bond 
placed elsewhere in the molecule, including the side chain. 

The methylene groups adjacent to an ethylenic bond at C5 : Ce are 
easily oxidized to carbinols or carbonyls. If the mild oxidizing agent 
selenium dioxide *** is used in suitable solvents (acetic acid, etc., but not 
alcohol), cholesterol yields A®-cholestene-3,4-diol, m.p. 176®, [ajn— 60°. 
With cholesteryl acetate nearly equal amounts of the 3,4-diol and of A^- 
cholestene-3,6-diol, m.p. 257°, [ajn + 6°, are formed. The reaction is 
shown schematically below: 



K=0H>00 

1 






Windaus and Reaau, B«r., 46. 1246 (1913) ; Windaua and Nenldrohen, Ber., St. 
1915 (1910) ; Windaua, Z. phyrioL Chem., 148, 177 (1925). 

inter ol., Ruaioka, Goldberg, and Brbngger, Hdv. Chim. Acta, 17, 1389 (1934); 
Ruaicka and ^acher, ibid.^ 90, 1291 (1937) ; Mieacher and Fiaoher, ibid,, 99, 155 (1939). 
iM FemboU and Chakravorty. Ber., 67, 2021 (1934). 

Rn wmhaim and Starling. J. Chem. Soe., 877 (1937) ; Butenandt and Haunm a nn , 
Ber., 70. 1154 (1937) ; Marker, Kamm, and Wittle, J. Am. Chem, Sec„ 60, 1071 (1938); 
Marker and Rohimann, ibid., 60, 1073 (1933). 
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fSfg- am d BtstoogBH oaddiang agents leads to tlw additioD of faydroxjd 
grotqjs to the ^ykne Uokage. Hw course of the reaction is someadiat 
di^fjenuleat on the medium. From chdesterol, for example, emi^oyment 
of a&aline pmmanganate leads directly to one of the isomeric cholestane- 
triols (p. 1355), winle add permanganate apparently gives a mixture of 
isomeric oxides which are then converted to triols.^** In the latter case, 
m excess of oxidising agent converts tlm triols to 3,6-diketo^hydroxy 
derivatives. 

If the esters of the unsaturated sterols are oxidized with chromic add 
or permanganate in acetic acid under mild conditions,* the action is 
piindpally at Chromic acid at 40° converts sterol esters to 

7-ketosterols (FV) which, on reduction with aluminum isopropoxide, pve 
mixtures of isomeric 7-hydroxy8terola (V) in which the low-melting 
o-isomer predominates. The /S-stereoisomer (^7-bydroxy) may be pro- 

R R 




dttced directly by pmnanganate oxidation of the add phthalate ester of 
the 8 t»oL“^ By beoizoylatioa and pyrolysis the newly introduced hy- 
doayl groups are split out to ^ve dehydrosterols with the conjugated 
system Cj ; Cs • C 7 ; Cg. As a by-product of the pyrolysis of the diben- 
aoate of 7-hydroxychoie8terol, a small amount of isodehydrocholesterol 
is formed. This isomer of T-dehydrocholesterol probably contains the 
corrugated system Cg : Cr'Cg : C#.*®* Treatment of dther dehydro- 

*** Marker and Rcdunuum, J. Am, Chem. See., tt, filO (IMO) ; Ehieiut^ and Decker, 
J. Org. Chem., •, 544 (1940). 

a CdloMnl eolttiione of dioieeterol are oonTeited by aeration idtli molecular ozygm 
to («a. 30 per oent yield) and T-ketocboleetnol [Winterateiner 

and BercBtrCm, /. BioL Chem., U7, 786 (1041)]. This ihowa Uie auaoeptibility of position 7 
to attack by oxyaen and sugawts a path fay which cbolestend may be converted in bio- 
logical qrfteasa to 7-(lelwd)nMlioleBtend and vitamin D,. 

MauUmar and Buida. Menalth., 17. 496 (1806) ; WlndaQo. Ber., fS, 488 (1002) ; 
Wladhua Lettrt, aisd Scttegn^ Aim., MO, 98 (1036): Wundsriioh, Z. fhytM. Chem., 141, 
116 <103^ ; liaaert, ibid„ Ml, 126 (IMS) ; Marker, Katnm, Fteming, Potddii, and Wlttle, 
JF. Am. Chem. < 800 ., iM, UO (1S87) ; Windans and SdMiiok, V. S. pat., 2,008,984; Markw, 
P.8.pat.,2,-177JM. * 

Aur, SWfaran, Port, a^ <r. Chem. See., 1487 (1636). 

*** Wladtaaa, Unaart, and BdiMndt, Ann., M4, 22 (1M$. 
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stend wto hydrogco ^oride gives the »me produot, probdbly with 
distributiim of the conjugated system betwera rings B and D.'®* 

Wli«i a debydrosterol (VI) is reduced with sodium aiKl alcohol, only 
one of the double bonds is saturated. The resultmg y-straioi (VII), in 




which the double bond is probably at C7 : Cg, is rearranged into an 
o-stenol (VIII) by shaking with pdladium sponge. The double bond of 
the cMBtenol is resistant to catalytic hydrogenation; it is probably located 
at Cg : Ci<. The a-stenol may be produced directly with the uptake of 
one mole of hydrr^en by catalytio reductbn of the d^ydrosterol in the 
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|»ieBei].«e of palladium. Althou^ an. o-stenol cannot be h3rdroienated, 
it can be rewranged by treatment with hydrogen diloride in chlorofona 
8(dutmn to a ^•etenol (IX), which takes up hydrogen readily to pve the 
ocmtpletely saturated stm>l.‘*” 

If alcoholic solutions of dehydrosterols are irradiated in the presence 
of oxygen and of a senatizer hke eo^, transannular peroxides are 
formed through 1,4-adchtion of oxygen to the conjugated system in 
ring like other peroxides of this class, the products are unusually 
stable. Transannular peroxides are formed also with conjugated systems 
in other portions of the nucleus, but the products are not as stable as 
those from the dehydrosterols (cf. 2,5-peroxido-A®-cholestene, p. 1395). 
Irradiation of dehydrosterols with visible light in the absence of oxygen 
but with a sensitizer produces “pinacols.” Since these are formed by 
the loss of hydrogen from two molecules of the dehydrosterol, Jacob- 
sen has suggested that they are better described as “bi-dehydro- 
sterols.” The provisional formula X proposed by Inhoffen for the 
pinacols from 7-dehydrosterols with a 7,7 '-linkage is probably representa- 
tive of all pinacols formed from steroids with a conjugated system in 
ring B. Pinacols are obtained from steroids with conjugated systems in 
other portions of the ring structure, but their formulation is le&s secure.”® 
The i^acols from the 7-dehydrosterols are unstable when heated above 
their melting points, or when boiled in acetic anhydride, and are con- 
verted to the semi-benzenoid norsterols (XI) by the loss of methane 
from Cio — CH b and Co — H. 

The dehydrosterols have a characteristic absorption spectrum in the 
ultra-violet within the range 260-300 mp, with maxima at ca. 270 mju, 
280 mfi, and 295 mu.* The absorption is due entirely to the conjugated 
system in ring B, and the absolute position of the bands is unaffected 
by the surrounding structure.”* The intensity of the absorption, how- 
ever, varies as the surrounding structure is modified. 

The Sterol Ketones. By cold oxidation of the saturated sterols, 
OT by dehydrogenation of the unsaturated sterols using Oppenauer’s 
method,”* the sterol ketones are obtained in excellent yield. The 

»*Aditsnnaim, Z. physiol. Chem., 226, 141 (1934); Laucht, ibii., 237, 236 (1936); 
nimrftth and Trautmann, Ber., W, 669 (1936). 

Review: Bergmann and McLean, Chem. Rev., 28, 387 (1941). 

lu Windaiu and Borfeaud, Ann., 460, 235 (1928) ; InhoSen, Naiurwisseneehaften, 25, 
125 (1^7) ; qf. Jaoobaen and Nawrocld, J. Am. Chem. Soc., 02, 2612 (1940), for biUiocraphy; 
aad. alao, Windavs and XOliladorff, Ann,, 636, 204 (1938). 
df. Bfdanaodt and Poe ehm a no , Ber., 73, 893 (1040). 

* For iy^oal o\:^rve (ergoatered) aee Morton, “The Application of Absorption Spectra 
to tiie StudjMd Vitamint and Hormonee," Hilger, London (1936), p. 8. 

”* 1%ai^ and TrsdtnuuWi, Ber,, 60, 669 (19^6). 

CJ. Bmta, Anteie. CAon., 60, 286 (1940), tor review article- 
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3-ketones are the most accessible and are extremely valuable as inter- 
m^ates for further transformations. The reacticais of these 3-ketones 
are conditioned somewhat by the spatial arrangement of the molecule. 

The saturated ketones with the alio or tram con^guration of rings 
A/B, such as cholestan-3-one (XII), are substituted at C 3 by brominar 


CH. 
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tion or sulfonation.*** With continued bromination, a second 
bromine atom is introduced at C 4 .**’' On dehydrobrominating the 

2- monobromoketones with collidine (2,4,6-trimethylpyridine) the ex- 
pected A'-ketone is obtained together with some of the parent saturated 
ketone.*** For example, 2-bromocholestan-3-one (XIII) on treatment 
with collidine gives a mixture of A*-chole8ten-3-one (XIV) and cholestan- 

3- one.**“ Treatment of the 2-bromoketone with pyridine, or with 
pyridine derivatives which are unsubstituted in the 4-position, gives 
rise firsfr to pyridinium compounds **’ which are evidently then reaj> 
ranged and finally decomposed to A^-ketones.**® Dehydrobrominafion 
of the 2 -bromoketones with potassium acetate in acetic acid leads to 
the formation of compounds of uncertain structure which Butenandt *** 
has designated as /i-A*-ketones. 

The 3-ketone8 derived from the coprostane type brominate at 04.**^* 
Two atoms of bromine may enter to form first a monobromo- and then 
a dibromoketone. Sulfonation, on the other hand, takes place both at 
Ca and at C4.**' Debromination of the monobromo derivatives pro- 
ceeds in the normal manner to give A*-ketones. 

These differences in the behavior of the two types have been utilized 

li* Butenandt and Momoli, Ber,, 68, 1860, 1854 (1935) ; Butenandt and Wolff, Ber., 68, 
2091 (1935). 

“* WindauB and Kuhr, jlnn., 681, 63 (1937)- 

Butenandt and Sohnudt-Thoin5, Ber., 87, 1901 (1934) ; Butraiandt, Soliranun, 
Wolff, and Kudiua, Btr., 89. 2779 (1936) ; Ruzicka, Boeshard, Fischer, and Win, Eeh, 
CMn. Acta, 19 , 1147 (1936) ; Inhoffen, Ber.. 70, 1696 (1937). 

*" Butenandt, Mamoli, Dannenberg, Mascb, and Poland, Ber., 71, 1617 (1939) ; 
Inhoffen, ZOhlsdorff, and Huang-Minlon, Ber., 78, 461 (1940). 

Jacobsen, J. Am. Chem, Soe., 61 , 1620 (1940). 

uo Ruiioka, Plattner, and Aesbaoher, Hebi. Chim. Ada, 11 , 866 (1933). 

*** Windaus and Mielke, Ann., 888, 116 (1938). 
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f«r filmctaral ^temtiiuil^xas. Tlius, the ketcme obtained by ondifiog 
( ^MCKnocboleeterol bromiB&teB atG4, and aiiioetfaie paraUeia the behavior 
oi eoprostan-S-one, it is reasoned that the Cs — ^Br of dibromocholesUffol 
is eu to the Cio — OH*.™ The product obtained b7 the additicm of 
hydrogen halide to a Cs double bond is largely made up of the isomer 
with the 6 -halogen in a os position to the Cio — CHa, but the other 
ismoeiic and epimeric modifications are formed also in fitnall amounts.^ 

The S^etones with unsaturation in conjugation with the carbonyl 
group present a more complicated situation since both substitution and 
addition may take place. The entrance of bromine is conditioned by the 
presence of acid, for no bromination occurs in the presence of potassium 
acetate. Substitution takes place by addition to an enolic form, and the 
entering halogen atoms form unstable intermediates which lose hydro- 
gen bromide. The net effect is bromination at an unexpected position. 
This is illustrated in the bromination of A'‘-choIestenone where the 
final product is 4,6-dibromo-A^-chole6tenone (XVIo) or its enol (XVI). 
The course of the reaction (XV-XIX) has been studied by brominating 
tile enolaeetate in ether-acetic add. 

Beduction of the ring carbonyl to hydroxyl groups is easily accom- 
pfiahed by the use of aluminum isoalkoxides according to the Meerwein- 
Ponndorf procedure.^* With the saturated steroid ketones catalytic 
redacti<m is equally satisfactory. Epimeric mixtures are usually 
obtained in both cases, but they are readily separated by the use of 
digitonin. Reduction of the carbonyl to a methylene group by the Wolff- 
Kishner method jwoceeds normally for all save the S-ketones.^® Here 
dissodation of the hydrazone or semicarbazone evidently interferes with 
the normal reduction, and the product is a mixture of epimeric 
3-carbinols. By the addition of excess hydrazine, for example, Winter- 
stdner has shown that the dissociation may be reversed to ^ve normal 
reduction. 

The Color Reactions of tiie Sterols. The sterols give a number of 
color reactions which are useful for preliminary identification and for 
quantitative analysis, but vriiich are not specific for the sterols. Since 
aulfuric and oth^ strong adds are used in the tests, the colored sub- 
stances me probably halochromic salts. The SaJkowaki reaction is 
«tmed out by shaking a chloroform solution of the sterol with an equal 

BntsBasdt aad fSohmnm, Btr^ M, 2289 (1936). 

1** DeocHobe and ItnbiiioiritBeli, BvU. $oe. eMm., [6] S, 1510 (1939) ; de Fan and Pirrone, 
Om. dnm. ibd., TO, 1$ (1»4(9. 

>®<Inhoffcn, Ber., S3, 2141 <1930). 

*** klaifker and Lamoo, J. Am, Chm. 8oe„ tl, 882 (1939) ; Dutohar and WiotwaMner, 
ibid., n, 1992 (IKS) ; Marlur. ’Fwnar. and iniUhalar, ibid., OS, 3009 (1940). 

*** SaOnwaki, Z. jAn/iieL Chem., ST, 823 (1908). 
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volume of eono^trsted sulfurie add. The LiAermttm^Bwehard rma- 
(ion is identical with the SalkowsM reaction save that a few dn^ of 
acetic anhydride are added to ^ mixture. The Rosenhdm teat differs 
from the others in that the free sterol or a chloroform solution of the 
sterol is treated with 90 per cent trichloroacetic acid. Color production 



indicates a system containing, or potentially containing, a conjugated 
system of carbon atoms.*** 

By underlayering with sulfuric add an alcoholic solution of a sterol 
without *** or with an aldehyde, such as benzaldehyde *•* or furfuralde- 
hyde,*** characteristic colors are produced at the interface. The rate 
at which these color bands are produced, as well as thdr hue and intens- 
ity, may be related to the steric configuration of the hydroxyl group. 

Molecular Compounds. One of the characteristics of the sterols 
is their ability to form molecular compounds and mixed crystals with 
other sterols. By means of melting-point diagrams, Lettr^*** has 

™ IjebermMm, Ber., 18 , 1803 (1886); Burehard, Chem. Zenbr., 81 (I), 25 (1800); 
Sohoenheimer and Dam, Z. pkj/siol. Chsm., IIS, 59 (1933). 

“• Roaenhrim, Bioehem. J., IS, 47 (1939) ; Roaenheim and Callow, ibid., IS, 74 (1931). 

*** Hailbron and Spring, J. Chem. Soe., 2664 (1930) ; Bchoenheimer and Evans, Jr., 
J. BM. Chem., 114 , 667 (1936). 

Woker and Antener, Heh. Chim. Aeia, SI, 1309 (1939). 

>n Soherrer, ibid., U, 1339 (1939). 

*•* Woker and Antenw, ibid., II, 611 (1989). 

*» Le1it)i«, Atm., 4M>. 41 (1932). 
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the reiatiooship between these tendencies and sbructore. If 
d^^^estanol and ooprostanol (ooprosterol) and their epimers are used as 
escamples rq>resenting all the possible arrangements with respect to the 
Cio — CH b group at the points of asymmetry, C 3 and Q, the following 
relalnmahips obtain: 

C,-OH C,-H C,— OH Cr-H 

CholeStanol eis trana Coprostanol cm cm 

JPptcholestaDol trana trana £p»copro8tanoI trana cia 

Compotmd formation takes place between cholestanol and eptcopro- 
stanol, or between coprostanol and epicholestanol. Molecular com- 
poimds are formed, therefore, by pairs which are structurally dissimilar 
with respect to both the C 3 — OH and the C 5 — H. The spatial position 
of the hydroxyl group appears to be the determining factor, since mask- 
ing the hydroxyl by acetylation destroys the capacity for compound 
formationi One of the components of a pair may be replaced by a 
structurally similar compound; for example, ergostanol, 3(;8)-hydroxy- 
24-methylcholest^e, forms a molecular compound with epicoprostanol. 
Mixed crystals are formed by sterols and 5,&-dihydro6terols, as with 
the pairs cholesterol-cholestanol and ergosterol-dihydroergosterol. Here, 
too, the hydroxyl group plays a part, but a minor one, for acetylation 
does not interfere with mixed crystal formation, whereas replacement 
of the hydroxyl by hydrogen does. 

The Zodsterols 

At one time it was thought that all the sterols associated with the 
iLTiimal kingdom had the same carbon content as cholesterol. One of the 
facts supporting this view was the isolation in 1872 of “isocholesterol” 
from wool fat.“* Since that time this “sterol” has been resolved into two 
compounds: agnosterol,*" CsoHtsO; and lanosterol,*** CaoHeoO. Appar- 
ently ndther of these substances is a steroL'” The isolation from animal 
tissues and excreta of a number of sterols of higher and lower carbon 
content than chcdesterol has definitely disposed of the older belief. 

Cholesh»ol and JE^holesterol. Cholesterol, the principal animal 
sterol, is found in all tissues in amounts ranging from a few himdredths 
to‘4r-5 per cent.“* Although cholesterol is doubtless of great importance 
to animal life, no q>edfic function can be asogned to it. Generally it is 

u«Sdn^, Bar., t, 107ft (1872); 6, 261 (1873); 81, 1200 (1898). 

M* Windaui and Tteluwolie, Z. iiftyneJ. Cham., 190, 61 (1930). 

Daria and Oarntt, J. Sot. Cham. Jnd., BS, 141T, 366T (1^. 

u'Sdndae, Z. jAfwjol. Cham., S», 36 (1936). 

*** X«tM and Inbaffan, “ilbw Sterine, Qallanatumi und vwwandta Natunrtoffa," 
Ikka Btottaart (19>6). 9 . 98. 
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regarded aa an essential constituent of cells, but its syntliems and metab- 
olism in the body are obscure. 

JSpicholesterol, the epimer of cholesterol, is not foimd in nature but 
is obtained from cholesterol by synthetic methods. When 5,&-dibiomo- 
cholestan-3-one is debrominated with zinc and acetic acid, A^-cholesten- 
one, m.p. 80®, Wn + 88.8°, is obtained (p. 1357). If the debromination 
is carried on in weakly acidic alcohol, a double bond is produced without 
rearrangement, and A®-cholestenone, m.p. 127®, [ajn— 4.2°, is obtained.”* 
The A®-ketone is readily rearranged into the A^-ketone, but on catalytic 
reduction with Raney nickel, it is converted to a mixture of cholesterol 
and epicholesterol.”* The mixture is resolved by precipitating choles- 
terol with digitonin and extracting the epicholesterol which does not 
form an insoluble digitonide. On a large scale, epfcholesterol can be 
separated from cholesterol by crystallizing first the acetates and then 
the benzoates from ethyl alcohol. 

Marker has employed cholesteryl chloride (p. 1376) as an inter- 
mediate for the formation of epicholesterol. On oxygenating the Grig- 
nard from cholesteryl chloride and hydrolyzing, a mixture of cholesterol 
and cpfcholesterol is obtained. By a second procedure, the chloride is 
oxidized with chromic acid in acetic acid at 55® to 7-ketochole8teryl 
chloride. On treatment with potassium acetate, an acetoxy group in 
epi configuration is substituted for the chlorine and the synthesis is com- 
pleted by Wolff-Kishner reduction. 

The sterol mixture present in the feces of man and of other Carnivora 
is largely coprosterol with small amounts of dibydrocholesterol and 
traces of cholesterol.*® Since the bile contains cholesterol and some 
dihydrocholesterol,’® there must be a biochemical mechanism to account 
for the stereoisomer coprosterol [303)-hydroxycoprostane]. Schoen- 
heimer has suggested that A^-cholestenone is the intermediary sub- 
stance in the formation of coprosterol. 

AUocholesterol. In anhydrous media cholesterol adds hydrogen 
chloride to form the so-called cholesteryl chloride (C5 — Cl). Treatment 
of the addition product with anhydrous potassium acetate gives a mix- 
ture of aUocholesterol (XX)* and cholesterol, f Because of the difil- 

'•* Butenandt Mid Schmidt-Thomfi, Bet., 89 , 882 (1936). 

1*® Husicka and GoldbeiVi Ckim* 19, 1407 (1936)- 

Marker, Oakwood, and Crooka, J. Am, Chem, Soe.^ 58 , 481 (1936) ; Marker. K a mm , 
Oakwood, and Laucius, 58 , 1948 (1936); Marker, U. S. pat., 2,177,355. 

Schoenheimer and co-workers, Z, pftyno2. Chem.^ 193 , 73 (1930). 

Sohoenhamer and Hrdina, 313 , 161 (1932). 

SohoMiheimw, Kittenberg, and Or^, J, Biol. Chem,t llli 183 (1935); <;f. BoBon- 
lieitn and Webster, Wohcrs, 188, 474 (1935)* 

* In tb** compound the preBx "alio” doea not indicate a frons relationidiip of rings A/B. 

t Originally the mixture itself was thought to be allocholesteroi. C/. Windaus, Ana., 
447 . 233 (1926); 488 , 101 (1927). 
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m&iy vl resdving tiiis mixture, anochoksterol is m<Hre esmly obteised 
1^ catalytic reduction of A*-cholesten-3-one.*“ Tlie product of the 
radttotion is a molecular addition compound, m.p. 141°, of aUoohol- 
estend and ep^ocholestercd which is easily resolved through the 
insduble digitonide of the former. Both allooholesterols are easily 
dehydrated to A^,‘^-cholestadiene. 



CH-CH,-CH,-CH!-CH 

\h» 


XX. AnoeholMterol 


AUocholesterol also has been suggested as an intermediary form in 
the phyfflolo^cal conversion of cholesterol to coprosterol. In agreement 
with this suggestion, catalytic reduction of allocholesterol gives only 
coprosterol.^** 

When A^-cholestenone is reduced with sodium, a molecular com- 
pound, m.p. 160®, of dihydrocholesterol and ejnallocholesterol is ob- 
tained.*** The molecular compound was at one time regarded as an 
isomer of cholesterol and was known as 13 -cholesterol. 

The Cholestadienes. Cholesterol can be dehydrated by distilling 
from anhydrous copper sulfate or by various other methods. The dehy- 
dration product is known as cholesterilene. Bergmann **’ has studied the 
structure of tiiis compound and from its reactions has concluded that it 
is a A®’*-cholesta<fiene. As proof of the correctness of this formula- 
tion A^’^-cholestadiene was prepared from T-ketocholesteryl acetate by 
splitting oS acetic add and reducing the carbonyl at C 7 by the WolfiF- 
Kidmer method. In this conversion the carbonyl at C 7 serves to stabi- 
Eze the double bond at Cj. An isomer of cholesterilene, A^’*-cholesta- 
diene, may be obtained by heating cholesterol over aluminum oxide and 
distilling the product. On treatment with hydrochloric add, A®'*- 
drdestadiene is rearranged to the A^’^-diene.* 

Svtna, Jr., and Bobo«iih6iin«r, J. Am. Chrnn. See., >8, 182 (1936) ; J. Biol. Chem., 
lU, 867 (1638). 

Di^ and 0er., *1, 260 (1908) ; Evans, Jr., and Seboenbeimer, J. Bud. Chem., 
lU, 17 (1936) ; reference 96. 

^ Staval^ and Bergmann, J, Org- Chem., 1, 667, 676 (1986). A good bibliography to 
the earlier vrork u given in the first of iheae ariiAtm. 

* The preparation gf a munber of other cboleetadienee is deaoribed by Eck and Hol- 
lingmmtit. /. Am, Chm- See., 6i. 140 (1942). 
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llie two choleetadienes show a number of interesting differences. 
The physical properties are; A®’®-chole 8 tadiene, m.p. 78-79®, Md— 64° 
(CHCla); A^’^-cholestadiene, m.p. 63®, Wd+IU® (CHCls). The shift in 
specific rotation from negative in the A®'*-diene to poedtive in the A®’*- 
diene is further evidence that the asagned structures are correct, once 
Callow and Young (p. 1378) have noted that compounds with A®- 
unsaturation show a less positive rotation than those with A^-unsstura>- 
tion. The A®’®-diene adds maleic anhydride (p. 686 ) with difSculty, and 
the acid formed by hydrolysis pves insoluble alkaline salts, thus differ- 
ing from the other known maleic acid addition compomds in this group. 
On the other hand, the maleic acid addition product of A®'*-cholesta- 
diene forms soluble alkaline salts. A®’*-Chole 8 tadiene has an absorption 
spectrum with maxima at 229, 235, and 244 m^, while that of the A®'*- 
diene is at 260 m//. On catalytic reduction, A®’®-cholestadiene is hydro- 
genated to cholestane (80 per cent) and coprostane (20 per cent), but 
A®’^-cholestadiene is quantitatively converted into coprostane. When 
oxygen is passed through an irradiated alcoholic solution of A®’*-chole 8 - 
tadiene sensitized with eosin, 2,5-peroxido-A®-cholestene is formed. The 
peroxide is unstable in sunlight and is rearranged to some uncharacter- 
ized peroxide.*" 

Sterols from Lower Forms of Animal Life. From oysters (md clams 
the characteristic sterol, ostreasterol, C 29 H 48 O, has been isolated.** 
Its structure is not completely known, but hydrogenation converts it to 
sitostanol [y-sitostanolC?)]. An ostreasterol II, m.p. 121-122°, has been 
described also. 

The eggs and oil of the silkworm contain a mixture of cholesterol and 
sitosterol, which at one time was regarded as a definite compound.**® It 
is uncertain whether the sitosterol ori^ates from the diet or whether it 
is synthraized by the worm. These and other sterols from the lower 
forms of animal and plant life are of interest, as they suggest a relation- 
ship between the stage of evolution and the type of sterol formed. 
Until the role of the sterols is understood, however, it is impossible to 
evaluate such an evolutionary proce® if one exists. 

In urine there are normally present small amounts of cholesterol *** 
and traces of various urinary hydrocarbons.*** Besides these constitu- 

“* Butenandt and Kudzus, Z. physiol. Chem., SU, 1 (1938) ; Sk»u and Bergmann, 
J. Org. Chem., S, 166 (1938). 

“• Bergmann. J. Biol. Chsm., 104, 317, 653 (1934). 

Bergmann, ibid., 107, 627 (1934) ; 117. 176 (1937). 

lu Butenandt and Dannenbaum. Z. physiol, Chem., MS, 161 (1937) ; Maiker, J. Am. 
CAem. Soe., 61 , 1287 (1939). 

»“ Hart and Northrop, J. Am. Chem. 8oc., 67 , 2726 (1936) ; Marker, ibid,, 60 , 8442 
(1938) ; 61 , 1287 (1939). 
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‘ «»- and /^^uktanok, CsoHogOH, ^diich may be sterols also, are 

exereted in equine,*®* bovine,*** and pordne **® urines. The equistanols 
may oripnate from the diet or, ance steers **• do not excrete dther form, 
may be formed in the sex organs. In the lower animal orders, or during 
pr^nancy in higher and lower orders, various polyhydric sterols derived 
from tlm hydrocarbons pregnane (p. 1489) and urane (p. 1496) are also 
excreted. These may be formed from the sex hormone progesterone or 
from certain of the adrenal substances by reduction in vivo-, they are 
discussed later. 

The Ph3rtosterol5 

A large number of plant sterols have been reported in the literature,* 
but many of them have been so poorly characterized that relatively few 
can be regarded as chemical individuals. Stigmasterol, ai-sitosterol, 
/J-sitosteroI, ot-spinasterol, and brassicasterol are the phytosterols which 
have been'studied moat carefully. 

StigmasteroL Although stigmasterol is widely distributed in plants 
both as the free sterol and as glycosides,*** only soybean and calabar bean 
oils contain enough of the sterol to be used as sources. From soybean 
oil, stigmasterol is conveniently separated as its sparingly soluble acetate 
tetrabromide from the accompanying sitosterols. Its structure (XXI) 
has been determined as 30)-hydroxy-24-ethyl-A*’®®-cholestadiene by 
Femholz,*** building on the earlier work of Guiteras.*** The methods 
used were essentially the same as those employed for the determination 
of the structure of cholesterol, save that the double bond of the side 
chain was placed throu^ formation of ethylisopropylacetaldehyde by 
ozonization of the sterol. Among the important derivatives of stig- 
masterol are the hydrogenated sterols, 22-dihydrostigmflsterol and stig- 
mastanol. The former is conveniently obtained by rearranging the 
parent sterol ethers to i-st^masterol ethers, hydrogenating, and then 
tearran^g and hydrolyzing to 22-dihydrostiginasterol.*''’ 

The Sitosterols. Originally the principal sterol fraction isolated 
from plant oils was considered to be “sitosterol.” Largely through the 

Marker at Md., 60. 1&6S (1938) ; Marker and Rofannann, ibid., 01, 2537 (1939). 

**« Marker, ibid., 60. 2442 (1938) ; 61. 944 (1939). 

*** Marker and Rokrmann, ibid., 61, 3476 (1939). 

“•MMrkar. Hrid., 61, 1287 (1939), 

* For partiiU list eee “Bioobmiiscbes Handlexikon” (1923), Z, 179; (1933), XIV, 820. 

Tkomton. Knqrlda, and MitebaU, J. Am. Chem. Soc., 6S, 2006 (1940), for 
reoent lebMnee. 

Ann.. SOT. 128 (1033); SOS. 215 (1934); Fwnhola and Chakravwty. 
Bar., «r, 2021 {1934). 

***Quitenw, Z. jAiOiol. atantn ti*. 89 (1933). 

*** /. Am. Chtm. Soe., OS, 3340 (1940). 
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woric of Anderson and of Wallis, this sterol fraction is now known to 
contain at least five components, ai-, 02 - , as-, fi~, and Y-atosterols. 
ai-Sitosterol probably has the structure 303)-hydroxy-24^tjiyl-A®’*‘^*’- 
cholestadiene.^® In line with this formulation, ai«fiitosterol is easily 
hydrogenated to ai-dihydrositosterol, which shows the reactions of an 
a-stenol. On isomerizing with hydrogen chloride and hydrogenating, 
this a-stenol is converted through a (8-stenol to «i-sitostanol, which 



appears to be stereoisomeric in the Cn side chain with stigmastanol. 
Little is known of the structures of as- and as-sitosterol, but the latter is 
doubly unsaturated and is precipitated by digitonin.*® /3-Sitosterol has 
been shown to be 22-dihydrostigniasterol.^®’ Recently the sterol 
from cinchona bark, formerly known as cinchol, has been identified as 
/S-sitosterol.^** 7 -Sitosterol apparently differs from /3-sitosterol merely 
in the spatial configuration of the C17 ade chain.*® 

The Spinasterols. From spinach, and also from alfalfa, the char- 
acteristic sterol, o-spinasterol (XXII), has been isolated.*® In spinach 
this sterol is accompanied by the allied compounds, and 7 -spinasterol. 
The structure of a-spinasterol has been shown by Femholz to be 3(/3)- 
hydroxy-24-ethyl-A®^**^’®^-cholestadiene. This sterol and zymosterol 
(p. 1399) are the only known natural unsaturated sterols that do not 
have an ethenoid bond at C5. 

Anderson and Shriner, i&id., 48, 3970 (1926) ; Anderson, Shrioer, and Burr, Md., 48, 
2987 (1926). C/. Eunicko and Eichenberger, Helv. Chim. Acta, 18, 430 (1935). 

Femhols and Wallis, J. Am. Chem. Soe.. 88, 2446 (1936) ; Wallis and Chakravorty 
J. Org. Chem., S, 336 (1937) ; Bernstein and Wallis, ibid., 3, 341 (1937) ; J. Am. Chem, 
Soc., 61, 1903, 2309 (1939). 

**• Bengtaeon, Z. physiol. Chem., 287, 46 (1936). 

Hesse, Ann., 828, 294 (1886) ; Liebermann, Ber., 17, 871 (1884) ; 18, 1805 (1885) ; 
Windaus and DeppO, Ber., 66, 1689 (1933) ; Dirsoherl, Z. physiol. Chem., 835, 1 (1935) ; 
867, 239 (1938). 

*•* Hart and Heyl, J. Biol. Chem., 96, 311 (1932) ; Heyl and Larsen, J. Am. Chem. Soe., 
66, 942 (1934); Larsen and Heyl, Snd., 66, 2993 (1934); Larsen, ibid,, 60. 2431 (1938) j 
Simpson, J. Chem. Soc., 730 (1937) ; Femhols and Moore, J. Am. Chem. Soe., 61, 2«7 
(1939) ; FmnhoU and Buiidi. ibid., 68, 2341 (1940) ; King and BaU, Jr., ibid., 61, 2910 (1939) 
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Miscellaneous I^ant Sterols. In addition to the above plant sterols 
there are a number of others which have been investigated. Noteworthy 
among these are brassicasterol from rapeseed oil and fucosterol from 
bladder wrack. Braasicasterol has the structure 308)-hydroxy-24- 
methyl-A®’“-diolestadiene and is exceptional in that it has a methyl 
group at C34 rather than the ethyl group usuaUy found at this position 
in plant sterols.*** Fucosterol contains two double bonds and, on cata- 
lytic hydrogenation, is reduced to stigmastanol.'*’ One of the double 
bonds of fucosterol is probably at Cg, but the position of the other is 
uncertain. 

Further work with plant sterols may show new variations in the sterol 
ardiitecture. Among those currently receiving attention are bessisterol, 
C2aHgoO, from coicia seeds,*** and cafesterol, C20H28O3, from coffee oil.*** 
The former may be related to allocholesterol,*' and the latter may be 
devoid of the C17 side chain. 


The Mycosterols 

The sterols of yeast have been studied with moderate thoroughness, 
while those of the fungi have been poorly investigated. In general, 
sterols are not present in bacteria, but small amounts of an unknown 
sterol have been demonstrated in Azobacter chroococcum}'’^ 


Windaus and Welach, Ber., , 612 (1909) ; Femholi and Stavely, J. Am. Chem. 
Bog., «1, 142 (1939) ; M, 428 (1940). 

“'Heahrem and ecHworkera, J. Chem. Boe.. 1672 (1934); 1206 (1936); 738 (1986). 


Cf. Laraen, J‘. Am, Chem. Boe., 60, 2431 (1938). 

*•• Kiiwada and Yoriki, /. Pharm. Soe. Japan, 89, 203, 282 (1939) [Chem. Zenbr., (I) 
2316 (1940)1; Oid., 60, 2&{SM0) [Chem. Zenir., (II) 630 (1940)]. 

*** &tta and NeuaA 71, ie9l|2342 (1938) ; Hauptmann and Franca, Z. phytioL 
Chm.,U», 246 (103(|^lMMefaer et al., HOo. Chim. Aeta, 94, 332E (1941). 

* Vaiioua daivad^MV^ baaiiaterol hav« been found to be identical with thoee from 
the epinaaterola lqr;|pmada and Yoaiki, J. Pharm. Soe. Japan, 60, 407 (1940)(C. A., 36 , 
461 (1941)1. 

AnAM»atMi!! ^ lwiv«wA rSvnnlAr. and ftt/vlolA. Z. ithuaiat. Chem,, 997. 40 (1936) : 


jijKoeghBiingrt Crowder, end Stodolor Z. phyaiot Chem,, 997, 40 (1935); 
Aid,. 270 (1936). 
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Ergosterol, the principal myo(»terol, is found both in yeast and in 
fun^. In the former it is accompanied by small amounts of cHhhydroer- 
gosterol, aymoeterol, and cerevisterol, a polyhydroxy sterol.*” Fui^- 
sterol, CS5H44O, has been isolated from several kinds of funp.*” Present 
in the sterol fraction from yeast is a so-called cryptosterol, CsoHsoO, 
which forms an insoluble digitonide but which is not a st^ol.*” There is 
some question whether cerevisterol and fungisterol are sterols. 

Zymosterol. Through the worir of Heilbron*” the staucture of 
the difficultly accessible zymosterol has been established as 303)-hydroxy- 
A®^^^^'*4-cholestadiene. The absence of a 5 : 6-ethenoid linlragw Corre- 
lates this sterol with o-spinastorol, but the occurrence of unsaturation 
at C24 : C2S is unique and without parallel in steroid chemistry. 

Ergosterol. Apparently pure eigosterol was obtained by Tan- 
ret *” first in 1908, although he doubtless had nearly pure preparations 
some time before this.*” The sterol attracted little attention until 
1926-1927, when it was discovered that irradiation with ultra-violet 
light converts it into a vitamin D. Subsequent work has shown that 
ergosterol is the principal yeast sterol. The content in yeast varies con- 
siderably in the different species*” and is influenced greatly by the 
nature of the substrate on which the yeast is cultured.*” The structure 
of ergosterol (XXIII), as 305)-hydroxy-24-methyl-A®’^’“-chole8tatriene, 
has been determined principally by Windaus and his school at Gottingen. 
Because of the importance of this sterol, the details of the investigation 
follow: 

1 . The structure of the side chain was established by studying the 
action of ozone on ergosterol,*'"’ and the products of chromic acid oxidar- 
tion of a partially reduced ergosterol.*” In this way a double bond at 
C22 and a methyl group at C24 were placed through the isolation of iso- 
propylacetaldehyde and of thujaketone 

CH3COCH2CHaCH(CH3)CH(CH3)2 

respectively. 

Smedley-Maclean, Biochem. J„ 14, 484 (1820); IS, 22, 080 (1928); Callow, Md., 
as, 87 (1031) ; HoneyweU and Bills, J. BM. Chem., 09, 71 (1032) ; 103, 616 (1933) ; Wieland 
and Eanaoka, Ann., 6S0, 140 (1937); Heath-Brown, Heilbron, and Jonee, /. Chem. Soc., 
1482 (1940). 

Tanret, Compt. rend., 147, 75 (1908) ; i4nr». chim. phy*., 8, 16, 313 (1908) ; 
Ratcliffs, Bioehem. J., 81, 240 (1937). 

Wieland, Pasedach, and Ballauf, Ann., 819, 08 (1937) ; Wieland and Jooat, Ann., 
846, 103 (1941). 

n* Tanret, Comjri. rend.. 108, 98 (1889) ; Ann. ehfm. phv*., 6, 20, 289 (1890). 

Heiduschka and lindnsr, Z. phyeiol. Chem., 181, 16 (1929). 

Billa and co-workera, J. Biol. Chem., 87. 259 (1930) ; 94. 213 (1981). 

Windaua, Weidar, and GaohaSdar, Ber.. 68. 1006 (1932). 
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% the determisalioa of the nature of the nucleaa, and of the 
pNSfhm the hydrcn^l, it vas necessary to have the completely sat- 
urated ergostanol. This was finally achieved by Reindd through 
catalytic reduction of ergosterol with the Adams catalyst. From the 
saturated sterol the hydrocarbon ergostone was prepared. Chromic 
add oadation of ei^ostanyl acetate (XXTV) gave 30S)-hydroxynoraKo- 
(holanic add (XXV) ; of ergostane gave noroUocholanic add.^*® These 
two transformations determined the nature of the nucleus, placed the 
hyditn^l at C3, and confirmed h 3 rpotheses based on the study of the 
^carboxylic adds obtained by opening ring A.^®' 



3. The Cg — OH group was shown to be part of an o.Y-system with an 
ethylenic bond at C* by a series of reactions exactly paralleling those 
tar cholesterol (transformation of cholesterol to cbolestanetriol, etc., 
p. 1364). 

4. The absorption spectrum of ergosterol and the molecular refrac- 
tion huficated that a pair of double bonds was present as a conjugated 
je^stem. This was supported by the fact that ergosteryl acetate forms 
ad^tion products (adducts) with maldc and dtraconic anhydrides.^ 

»* Reindel snd W«ltar, Ann., 460, 212 (1928). 

^ Fetolu^ wad Chakmvoitr, Ber., 07, 2021 (1934). 

»* Ctnuuis, Ann., JtOO, 270 (1933). 

R<^>del. Ann..^ 131 (1«»). 

Tnh4|lhn, wid v. B«iBh<il, Ann., 610, 248 (1934). 

***▼. Aaii«Hadt%<)|t«r, Ar«Sr. 0«. Wiu.<3«iing»n, 101 (1931). 

Aider, in “lioadtMtdi dar bioktdaoiien Arbeltimetiiodwn,” Urban and Sbhwanan- 
Beilin (1933), Abt, 1, fefi 2, HlUte 2, Band 2, p. 8188. 
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That the adducts were formed Ihrou^ reaction 'with the conjugated 
system in the nudeus was established by ozone treatment and by reduc- 
tion to dihydro compounds. From the latter, the maldc mid citra- 
conic anhydrides were removed by sublimation. The properties of the 
product, 22-dihydroergosteryl acetate, also indicated the presence of a 
conjugated system.*® 

5 . A clue to the position of the conjugated system in ergosterol was 
obtained by studying the action of fuming nitric acid. From this reac- 
tion mixture, toluenetetracarboxylic acid was obtained.*'*® The reaction 
is explicable by assuming the conversion of a partially unsaturated to a 
benzenoid ring, and the wandering of a methyl group. Although the 
mechanism is not wholly clear, the production of this add placed the 
conjugated system in ring B or C, or possibly distributed between the 
two, and excluded the possibility of its being contained in ring A or D. 

6. Further evidence for the position of the conjugated system was 
obtained by studying neoergosterol. Like the other dehydrosterols, 
ergosterol forms a pinacol *** when irradiated with visible light in the 
presence of a sensitizer and in the absence of oxygen. Pyrolysis of the 
pinacol splits off methane and produces neoergosterol, C27H40O 
(XXVI).*** This sterol contains one reactive double bond, which is 



present in the side chain, since ozonization of the sterol produces methyl- 
isopropylacetaldehyde.**® This suggests that by the loss of methane the 

Windsus and Langer, Ann., SOS, 105 (10S3). 

Windaus and Borgesud, Ann., 4M, 235 (1928). 

*** Bonttedt, 2. jihytidl, Chan., 185, 185 (1929). 
iM initoffen, Ann., 487, 130 (1932). 
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the amjii^sated is converted to a benzene^ 

atcit^iire. Froof of tide was obtained by the action of fuming nitrio 
aoy on,^** ^id by cata^c dehsrdn^enation of,^** neoergosterol. From 
the funung nitric acid reaction mixture, benzenetetracarboxylic add 
(XXVZl) was isolated; in neoergosterol a methyl group is therefore no 
bng^ attached to the ring, which normally is converted to toluene* 
tetaacarboxylic add. The catalytic dehydrogenation with platinum 
black of neoergosterol gave a phenol, dehydroneoergosterol (XXVIII). 
Zehnsky has shown that dehydrogenation of a cyclohexane ring by 
the aetkm of platiniun black takes place only when no quaternary car- 
bon atom is present. Thus a methyl group is not present at Cio in 
neoergosterol. These reactions limited still further the position of the 
oonjugated ^tem to rings B and G. 

7. The position of the conjugated 83 ^tem was finally placed at 
6 : 6 ' 7 : 8 by studying ergostadienetriol.*” By the action of perbenzoic 
acid, ergosterol was converted into an oxide, which on hydrolysis gave 
ergostadienetriol (XXIX), containing two secondary and one tertiary 
hydroxyl groups.* On reduction, the dienetriol was converted to ergos- 
tanetriol (XXX), which gave the reactions of an a-glycol when tested by 
the lead tetiaacetate method of Criegee.‘“ Evidently, l,^addition of 



cu^^gen to tile double bond at Cs is the preliminary stage in the formation 
of the a-g^ycol. The other possible position for the conjugated system, 
6 :i7 - 8 : 9, is definitely excluded, for only by 1,4-additioii could an addi- 
tional secohdary and a new tertiary hydroxyl group be introduced if 
sudh a system were present, and the resulting compound would not 
behave like an o-glyed. 

*** Booigiiuain. ZU. 203 (1034). 

»*Z«liniky. a«r.. (Wll) : *Z, 3678 (1912); 86. 1718 (1923). 

snd laittrinahaua, Anti., 4>i, 119 (1930); Windsus, Inhoffen, and v. 
Baieliid, ann.. 810. 248 (1934). Cf. co-work^ J. Ohtm. Soe., 1410 (1033). 

* AxAatSijr two iaomna ate ;^?odaoed at witdi the eboleeta&etrioia. p. 1385. 

Kndt, and Kaok, Am-, 807, 156 (1938). 
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Iwmuttization of Eii^sterol. By a variety of ^ooedoros ergosterd 
can be iaomerized. Because of parrial reduction, ei^eriiiati.on d the 
C3 — OH by treatment with sodium ethoxide cannot be employed, but 
can be used on certain derivatives of ergosterol. The other methods 
which have been used — the action of hydrogen chloride, subtraction and 
addition of water or hydrogen, addition and subtraction of hydrc^n, 
and irradiation with uLtrarviolet light in the absence of oxygen — evh 
dently produce a shift of the double bonds or of the hydroxyl group or 
both.^** Alder '** and Femholz have tabulated the several isomers, 
but only the changes produced by irradiation will be discussed here. 

Irradiation Products of Ergosterol. The transformation that takes 
place when ergosterol is irradiated may be schematically represented: 

Suprasterol 1 

/ 

Ergosterol — > Lumisterol — * Tachysterol — ^ Vitamin B* — ► Suprasterol II 

(Cftlcaferol) 

Toxisterol 


All the irradiation products have the same aide chain as ergosterol, for 
ozonization produces methylisopropylacetaldehyde in each case.”* Since 
none of the reaction products forms an insoluble digitonide, it was at one 
time thought that the first change was epimerization of the C3 — OH. 
It is now evident that this is incorrect, and that probably the initial effect 
of irradiation is a spatial rearrangement of the Cio — CH 3 . The photo- 
change appears to be q\iite general for T-dehydrosterols, for analogous 
irradiation products are known for several of the homologs of ergosterol. 

Lumisterol. Of the irradiation products, only lumisterol (XXXI) 
gives Diels’ hydrocarbon when dehydrogenated with selenium, “* and 



ZXZl. Lomlaterol 


Ijettr6 and Inhoffen give a flow abeet of tfaeae iaomen in “t^bw Bteiina, Qallen- 
•Auren verwandte Naturttoffe,” Enice, Stuttgart (1036), p. 131. 

*’* Fambola, Tabulae Biologicae Periodieae, 3, 198 (1933). 

»» Lettrfi, Ann., 811, 280 (1934) ; DimroUi, Ber., TO, 1631 (1987). 

*** Dimrotb, B«r., 88, 639 (1936) ; MOUar, Z. pbyaul. 883, ^ (1986). 
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t(teaci&tet»ft^tdboxyiio acid 'cdien ondiBed witih fuming nitiie add.^*^ 
Altil»mgii lumisterol does not form a jnnacd, there appears to be the 
same conjugated system of double bonds in ring B as in ergostm)!.^** 
Both ergosterol and lumisterol are dehydrogenated by mercuric 
acetate to give dehydro compounds in which the new double bond is 
probably at Cg : Cn. The two compounds have the same absorption 
spectra, but on catal3rtic hydrogenation dehydrolumisterol jdelds perhy- 
dropyrocalciferol.*®® As is shown later, pyrocalciferol is a compound in 
wfaidi ring B has been opened and then closed by pyrolysis. Clearly 
lumisterol originates by a photochange in the neighborhood of the linkage 
Cg — Cio, and the only change that can be reconciled with the other facts 
is a rearrangement involving the Cio — CH3 group. In accord with this 
the epi compounds of lumisterol and of the hydrolumisterols give insolu- 
ble digitonidea. 

TachysteroL Lximisterol and tachysterol form maleic and citra- 
ecmic anhydride adducts readily. Indeed, the ease of adduct formation 
with tachysterol is so great that its name (Gr. tachys, swift) is derived 
from this fact. Comparative hydrogenation of the citraconic anhydride 
adducts, or perbenzoic acid titration of the dinitrotoluyl esters of tachy- 
sterol and dehydroergosterol, shows an equal degree of unsaturation in 
the two compounds.^* Since dehydroergosterol contains four double 
bonds, tachysterol must be equally unsaturated. But tachysterol is 
isomeric with ergosterol, and a fourth double bond can be accommodated 
only by the opening of one of the rinp, presumably ring B. 



XXxn. TsebTiterol 
(FrorlaloDol) 


Since the adducts of tachysterol cannot be smoothly ozonized or oxidized 
with potaasitun permanganate, it seems probable that the arrangement of 
the doutde b<Hid is that shown in structure XXXII.***^ 

^ CNutem, Nalaunijni, Mtd Inlidfen, Ann., 4M, 123 (1933). 

*** HaniirMa, Wod SIvwart, /. Chem. Boe., 1331 (1936) ; HeilfaiFon, Mofiet, wid 

SiKibg;. Md., 411 (1{^ ; KMUMCIr and Spring, ibid., 360 (1039). 
veCereoM 

**]0faaiotb. Str., at. im 

•^GtaMinaaB. Z, pb^M. tat, m (laas). 
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Vitamin D. The story of vitamin D — the discovery and the chem*- 
ioal chanicterixation of the antirachitic substances produced by irradi- 
ating foodstuffs or sterols with ultra-violet light— is one of the sdentafic 
classics.*®* In 1924 it was noted (Steenbock; Hess) that irradiaticm of 
foodstuffs with ultra-violet light produced antirachitic propertira. Sub- 
sequently the fats were studied, and a clue to the nature of the provita- 
min was obtained when it was shown (Steenbock; Hess; Rosenheim) that 
irradiation of the sterols resulted in very potent preparations. At first 
cholesterol appeared to be the precursor of the potent substance, but it 
was soon found (Hess; Rosenheim; Heilbron) that the activity of the 
irradiated product depended upon the content in cholesterol of a gmall 
amount of impurity with the absorption spectrum characteristic of 
ergosterol. This was taken (Rosenheim and Webster; Windaus and 
Hess) to indicate that ergosterol was the provitamin D in cholesterol, and 
the view seemed to be justified when finally in 1931 a very jmtent crystal- 
line compound, vitamin Dg, was isolated from the irradiation products of 
ergosterol. For a time vitamin Da was thought to be identical with the 
natural vitamin D of fish-liver oils, but bioassays showed that their 
physiological properties were not the same. The discrepancy led in part 
to the study of the irradiation products obtained from other dehydro- 
sterols, and it is now established that the compound obtained by irradi- 
ating T-dehydrocholesterol is identical with one of the natural vita- 
mins D. From the rfeum4 above it is apparent that there are several 
substances with vitamin D activity which may be produced by artificial 
means, and from the bioassays discussed below there is evidence that 
fish-liver oils contain more than one natural vitamin D. 

The compound now known as vitamin D 2 * or calciferol was isolated 
almost simultaneously by Angus, Askew, Bourdillon, et and by 
Windaus and co-workers,*®* both groups at first obtaining a substance 
(calciferol, old; vitamin Di) which was later foimd to be an addition 
product of lumisterol and vitamin D 2 . By irradiating with a magnesium 
arc, vitamin D 2 , practically free of lumisterol, was obtained by Windaus, 
and, at the same time, the English group found that calciferol could be 
separated from lumisterol by crystallization of the dinitrobenzoyl esters. 
Vitamin D 2 has the following properties: m.p. 115-117®, [o]d + 103® 

•** Re«d, Struolc, and Steclt, “Vitamin D.” Univerrity of Chicago PreBS, Chicago 
(1939); Romberg, "C^hemistry and Physiology of the VitaminB," Interscience Pub- 
lishera, New York (1942). 

* Windaus introduced the practice of designating the different vitamins by means of 
Bubaoripte. 

*** Askew and oo-workenw, Proe. Roy, Soe, {London), 107B, 76 (1930) ; Angus and 
oo-workws, ibid., lOBB, 340 (1931) ; Askew and oo-workers, ibid., 1MB, 488 (1932). 

Windaus and oo-workers. Ana., 489 . 2S2 (1931) ; 491 . 226 (1932). Cf. Lottrin^uuis 
in "Fortsohritts der phytiol. Chem., 1929-1934," Veilag Cbemie, Beilin (1934), p. 266. 
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■(dk.), pote9Q.{^ per oig. «> ^,000 mtematicHaal antaimchilie uiuta <l.t7.). 
Allbmigh the pure vitao^ is stable for nwntbs at 37°, oil soluttons in 
ecmtact with air are someix^t unstable, and the “half life” of an olive 
€& solution und^ these conditiarm is about 3 years.*** Fhysiolo^cally, 
vitamin Dg and the other compounds with vitamin D activity regulate 
the phosphorus-calcium metabolism, but how they function is un- 
known.*®* 

The other products formed by irradiation of ergosterol are not anti- 
rachitic, but tachysterol and toxisterol can raise a low blood-caldum 
level to normal. The derivative dihydrotach}nBterol has been introduced 
into clinical noedicine for this purpose under the designation A.T. 10 
(A.T. = antitetanus).*®’ 

During the period that vitamin Da was being studied chemically, 
evid^ce was accumulating from biological work to show that the natwal 
vitamin D of fish oils was different from vitamin D2, and that vitamin 
D activity could be conferred on cholesterol or on some impurity in 
chcdesterol.*®* The differences were definitely established when Wad- 
dell *** showed in 1934 that preparations of vitamin D2 and of natural 
vitamin D, of equal potency in rats, did not have the same potency when 
tested on clucks, the natural being far more potent. Shortly before this it 
was discovered that 22-dihydroergo8terol could be converted by irradiar 
tion to a substance with antirachitic properties,**® and subsequently this 
irradiation product was isolated in pure form.*** It is now known as vita- 
min D4 and has the properties: m.p. 107-108°; [aln + 89.3° (acetone); 
potency/mg. = 20,000-30,000 I.U. These two stimuli aroused interest 
again in cholesterol as a precursor of the natural vitamin D. It was soon 
found that cholesterol may be converted via 7-dehydrocholesterol 
(XXXIII) to an antirachitic substance, vitamin Da, with the same rat: 
chick assay as natural vitamin D concentrates.*** 

The inference that viteunip D3 is the principal natural vitamin has 
been confirmed by its isolation from fish-liver oil and by the isolation of 
7-dehydroch(fiesterol, provitamin Dg, from the sterols of the skin.*** Prior 
to 1936, attempts to isolate the active constituents of fish-liver oil had led 

*** Boun]iUon, Bruca, and Webster. Biodtem. J., M, 522 (1032). 

Bills, FkyM. Ret., IS, 1 (1S36). 

*» Werder, Z. phvnd. Cfitm., SM, 119 (1039). 

*®* Bill*, Cdd Ss>rin$ Badxir Sumporia Quant. Biol., 8, 328 (1935). 

•"Waddell, J. Biol. Chem., UM, 711 (1934). 

Windau* and laaoss. jinn., SOS, 106 (1933). 

Ml Windaus and^lCrautBUUtn, Z. phytiol. Chem., Hit, 185 (1937). 

*** Windaus, Lethi, sod Schenck, Ann., 880, 98 (1935) ; Windau*, Sohenolc, and 
T. Welder, Z. pImtM. Ml, 100 (1936) ; Grab, iWd., MS, 63 (1936). 

«• Windau* and PetA. Z- Chem., 848, 168 (1937) </, Boer, Rearink, van Wijk 

and van Nieherk, Bnw. XeaiaJtl. Atad. WeteTuchaypen Ametenhm, 88, 623 (1936). 
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to conofflxtrates of hi^ potency, but never to the vitamin itself. In 1936, 
Brockmann isolated vitamin D3 from concentrates of tunarliver oil,*“ and 
in 1937 from halibut-liver oil.>“ The isolation was effected through a 
combination of chromatographic analysis of the crude vitamin prepara* 
tion, followed by crystallization and chromatographic analysis of the 3,5- 
dinitrobenzoate of the vitamin. In its chemical and physiological 
properties the natural vitamin Ds agrees with the product obtained by 
irradiating 7-dehydrocholesterol. The accepted constants for vitamin 
Ds are m.p. 82—85®; [ajn + 83.3® (acetone); potency /mg. = 40,000 
I.U.*» 



The vitamin D content of fish-liver oil varies widely with species, and 
usually contains small amounts of vitamin Dg.**’ The liver oils from the 
members of the percomorph family (mackerel, etc.) are far more potent 
than those from halibut or cod. The varying content of vitamin D in the 
fish oils may be related more to dietary habits, however, than to species. 

The occurrence of vitamin D in fish-liver oil is puzzling. It seems im- 
probable that fish can synthesize either vitamin Dj or D3, and it is possi- 
ble that the vitamins originate from the primary foodstuffs of fish, zoo- 
plankton and fdgae, which are known to contain small amounts of anti- 
rachitic vitamins. Even more puzzling is the presence of provitamin 
D2 or Da in the walls of the alimentary canal of certain invertebrates. 
In earthworms and red snails a large percentage of the total sterol is 
ergosterol, while in the homed snail 7-dehydrocholesterol predominates.*'* 
Vitamin D2. The structure of vitamin D2 (XX^V) has been 
determined by study of the products of oxidative degradation of the vita- 
min or of the dihydrocaJciferol maleic anhydride adduct. Previous to 

Brockmann, Z. phytiol. Chem., S41, 104 (193S) ; Brockmann and Chen, tit, 
129 (1936). Cf. Simona and Zueker, J. Am. Chem. Soc., U, 2665 (1936). 

»• Brockmann, ibid., S4S, 96 (1937) ; Brockmann and Buase, ibid., 149, 176 (1937). 

Sehonek, NatwrwintntckafUn. It, 159 (1937). 

Brockmann and Buiae, Z. phytM. Chem., Itt, 252 (1938). Cf. BiUa, Maaaangale, 
and Imboden, iScienee, 80, 596 (1934) ; Billa and eo-workem, J. NutrUion, 13, 435 (1937). 

*>• Bock and Wetter, Z. physiol. Chem., SM, 33 (1938). 
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irork it was knows from mim>catalytic hydrc^enation that vita- 
at^ Da contains four dtmble bonds of which three can be detected by ti- 
tration with perbenzoic add,^** and that reduction with sodium and ethyl 
alcohol gives a dihydrovitamin that perbenzoic acid titration shows to 
have three double bonds.*** With maleic anh 3 'dxide, calcifayl acetate 
fonns two isomeric a- and /3-adducts which are easUy reduced to dihydro 
compounds (XXXV) in which the side chain is saturated. These vitamin 
and dihydrovitamin adducts are much more stable than those from 
ergosterol and tachyaterol, and they may be distilled without decompo- 
sition. Ozone, acting on the dihydro adducts, degrades them to a 
ket(me (XXXVI), Ci^ 340 .*** The structure of this ketone is arrived at 
indirectly. Selenium dehydrogenation of the dihydro adduct forms 2,3- 
dimethylnaphthalene, and palladium dehydrogenation yields /S-naph- 
thoic acid and naphthalene. These dehydrogenation products must 
originate from ring A and the ring s^tem produced in adduct formation. 
The production of 2,3-dimethylnaphthalene and of /S-naphthoic acid is 
particularly significant, since their formation shows the course of the 
adduct formation to be by addition at C 5 and Cig.*** Since the selenium 
dehydrogenation to 2,3-dimethylnaphthalene results in the reduction of 
carboxyl to methyl groups, and this kind of dehydrogenation was unique 
at the time, the result has been checked by the study of a number of 
model dehydrogenations.*** 

Further evidence for structure XXXIV has been obtained by direct 
oxidation of vitamin D 2 with cold chromic acid or permanganate to an 
oily aldehyde (XXXVII), C21H34O.*** The semicarbazone of this alde- 
hyde absorbs in the ultra-violet with a maximiim at 275 as do other 
semicarbazones of «,j 8 -unsaturated aldehydes. Under other conditions 
permanganate oxidation yields the A^^-imsaturated ketone corresponding 
to XXXVI.* Ozone oxidation of vitamin D 3 gives as high as 30 per cent 
of the tiieoretical formaldehyde formed by the rupture of the methylene 
linkage at Cio : Cjs- This last bit of evidence is not free from objection, 
however, since similar treatment of ergosterol gives small amounts of 
formaldehyde.*** 

Tnustomation Products of Wtamin D 3 . When vitamin D 2 is heated 
for four hours at 180“, its potency is completely destroyed and two pyro- 

'>*Eti}ui and MdUer, Angw. C/um., 47, 14£ (1934). 

Wlndaus, Linsert, LaUnnajiaufl, sad Weidlicb, Atm., 49S, 226 (1932). 

*» Windstu and Thitie, Ann., 160 (1936). 

*** Thi^ sod Trsutmsnn, Ser., M, 2245 (1935). 

**'BeSfarcHi, Jonet, Samtat, and Spring, /. CAem. Soc., 905 (1935). 

* On treatment of tbia ketone with add or sUnUi irreverdble rearrangement oooure, 
oonTKraios ot a tnm* to a ci$ form. According to Dimroth and Joneaon, Ber., 
74, 520 ((941), tliia dumge emifirms tlw trant relstionahip of rings C/D (p. 1371). 

*** Windaua and GruadmaiiO. Ann.. 014. 295 (1936). 
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iB(»aetS) isopyrovitamin Da*®* and pyrocaldferol,®" are produced. Tbe 
natoe of this isomerism has been examined by )Ii^daus.**® Both 
thete compounds are triply unsaturated and give Diels’ hydrocarbon 
dehydrogenated with selenium, or toluenetetracarboxylic acid 
when oridized with nitric acid.**® Isopyrovitamin Da forms an insoluble 
digitonide, but pyrocalciferol does not. If isopyrovitamin Da is dehy- 
drogenated by treatment with mercuric acetate or perbenzoic acid, 
dirivydroergoaterol is obtained. Pyrocalciferol, on the other hand, is 
dehydrogenated by mercuric acetate to dehydrolumisterol. Since dehy- 
drogenation with mercuric acetate d^roys the asymmetry of Cg through 
tho introduction of a double bond at Cg : Cn, it follows that ergosterol 
and isopyrocalciferol are stereochemically similar about Cio, but dissimi- 
lar about Cg. Lumisterol and pyrocalciferol are likewise similar at Cio 
and dissimilar at Cg. As the previous discussion has shown, lumisterol 
differs from ergosterol in the steric position of the Cio — CHj group, and 
it is improbable that epimerization of the C 3 — OH group has occurred in 
any of these compoimds. Thus the interrelationship about the centers of 
asymmetry, Cg and Cio, has been represented by Windaus as follows; 



Cj Cio 


Cio 

ErgOBteroI 
Isopyrovitamin Ds 

+ + 

+ 

DehydroergoBterol 

+ 

Lumisterol 

PyroealcifovI 

+(7) - 
-(?) - 

Debydrolomisterol 

- 


Kennedy and Spring have examined pinacol formation and arrived at 
different conclusions. Ergosterol and pyrocalciferol, in the form of their 
acetates, readily form pinacols, while isopyrocalciferol and lumisterol do 
not. TTie English workers argue that this indicates a trans relationship 
about the centers Cg and Cig in the first pair, and a cis relationship 
about these same centers in the second pair. 

Inversion of the Cg — in these pyroisomers does not interfere with 
thmr ability to undergo photoisomerization when irradiated with ultra- 
violet light. The photoproducts are not antirachitic, however, and the 
pbotoisomerization may be reversed merely by heating in the absence of 
air. The photoproducte do not absorb in the ultra-violet, and it is 
posrible that the conjugated system has been destroyed by a shift of the 
5 : 6 double bc^ to the 4 : 6 position.®*' 

Inadia^^ of vitamin Dg destroys ita potency and converts it into 
a mixture .if suprasterols 1 and 11 , and a poorly defined aubatanoe, 

*» Htncbiu and Diwioilt. Btr., 70, S76 (1937). 

«. im am). 
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toxiflterol.*’' Suprasterols I and II differ in that the foimec contains 
three, and the latter four, douMe bonds.*'* 

Structure and Antirachitic Activity. Structurally the irradiation 
products from all the 7-dehydroBterols are similar to the corresponding 
products from ergosterol.®* In many instances the individual compounds 
have not been isolated, but enough work has been done on the vitamin D 
group that some generalizations on structure and antirachitic activity 
may be made. The irradiation products from ergosterol, 7-dehydro- 
cholesterol, 22-dihydroerg08terol, and 22,23-oxidoergo8terol have ac- 
tivities of the same order of magnitude, diminishing in the order given; 
that from 7-dehydrositosterol has only slight activity; and those from 
7-dehydrostigma8terol *** and from A®’^-androBtadiene-3,17-diol are 
inactive. Thus, the structure of the C 17 side chain is one of the principal 
factors in antirachitic activity. Epimerization of the C3 — OH of vitamin 
D 2 or D 3 ,*® or conversion of this hydroxyl group of vitamin D 2 to 
carbonyl,*** greatly diminishes the activity but does not destroy it com- 
pletely. As cited above, inversion of the Cb — H in ergosterol, and pre- 
sumably in the other 7-dehydro8t€rols, prevents the normal course of 
irradiation and inhibits production of antirachitic activity completely. 

There are probably compounds with antirachitic properties other 
than those described above, all of which result from ultrarviolet irradiar 
tion of 7-dehydrosterols. Some of the possibilities that must be con- 
sidered are the antirachitic substances that have been produced in 
cholesterol by the action of fuller’s earth,*** butyl nitrite,**® etc. These 
substances may fit into or modify the general structural pattern that is 
implied from the structure of vitamin D 2 . 


THE BILE ACIDS 

Most of the bile acids isolated from nature are hydroxy derivatives of 
cholanic acid (I). The position and niunber of these hydroxyl groups 

*** Laquer and Linaert, Klin. Wochsdir., It, 763 (1033). 

7-D«hydrochole«terol; Windaut and oo-workera, Ann., 6S3, 118 (1937); 637, 
1 (1938) : Z. phytiol. Chem., 360, 181 (1939). 22-DjhydroergOBteroI: Windaua and GOntid, 
Ann., SS8, 170 (1939). 

*** Windaua, linaal, and BuohhoU, cited by Dimrotb and Paland, reference 232. 

WunderUoh, Z. phynol. Chem., 341, 116 (1936). 

Linaert, Hrid., 341, 126 (1936). 

••• Dimroth and Paland, Ber., 73, 187 (1939). Thia compound differa from agoaterol 
in tliat tbe Ci? aide cbain ia replaced by hydrozri- 

**• Windaua and Kagsata, Ann., 048, 204 (1989) ; Windaua and BuoblKda, Ber., 73, 
697 (1939). 

•M Windaua and Buohhola, Ann., 356, 273 (1938). 

** Yoder, J. Bid. Chtm., 116, 71 (1986) ; Eck and Thomaa, Ond., U», 621, 631 (1937); 
Kawaaaki, J. Pham. Soc. Japan, 69, 418 (1039) [C. A., 34. 1028 (1940)]. 
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'^^siys^ewiiatMTith the source df the add. These Hie adds are excreted 
in conjugation dther with glycme or with taurine. In Herbivora the 
^^^oodbolates predominate, while in Carnivora the taurocholates are 
‘mote abundant; but the nature of the conjugation depends more on 
iqjedes than on (het.^* 

Ihe derived bile adds obtained by degrading various steroids are 
dmvatives dther of cholanic add or of its Cs stereoisomer, ollocholanic 
add (II). The properties and sources of the important natural and de- 
rived bile adds are listed in Table II. Of these, cholic, desoxycholic, and 
a-hyodesosycholic adds are the natural bile acids that are readily 
available. 

The bUe adds are products of the S 3 mthetic activity of the liver and 
may originate, in part, from amino adds.“’ Eelatively large quantities 
of these adds are formed in the liver; a dog of average size, for example, 
produces about 1.5 g. per day. Conjugation with glycine or with taurine 
appears to be a detoxication mecbanism.^^ 



I. CboIwOc add U. ^OocbolaDlc acU 


Isolation. In the bile some unconjupted bile acids probably are 
present, but the conjugated compounds predominate. The latter may 
be isolated in an impure state by salting out, or dried bile may be crystal- 
lised from absolute alcohol. After the peptide linkage is hydrolyzed with 
alkali, the free bile adds are isolated by crystallization from organic sol- 
vmts, or a separation may be efiFected by extracting an ethereal solution 
of the mixed bile adds with various concentrations of hydrochloric acid. 
Chdic add (3,7,12-trihydroxy) is extracted from an ethereal solution by 

M gltiniisa,"f^bcr dip Cbemie und Flijrgiologie der GsUenAuren,” Muramoto, Okayama 
(1926). p. 47. 

*» Wliin>le aod Go^workera, J. Biol. Chem., 80, 668, 671, 686 (1928) ; 69, 689, 706 
(1930) ; ThpiuikaiMer aad oo-workera, Arck. txpi. Path. Pharmakol., 130. 292, 308 (1028) ; 
/Mka, ibid., 1 ^, 176 (1032); Sebindel, ibid., IM. 36 (1032) ; Schoenlieimer, Rittenberg, 
Bof, M>d BotUMlot, J,Bvd, Chem., lit, 636 (1930). 

RkpaioL Set,, 11, 122 (1931); SUain and Mardi, Am. J. Phyeid., 110, 

iS8<1986). 



THE STEBOIDS 


1413 


TABLE II 


Natubal and Dbbited Bilb Acids * 



Position of 

M.P. 

•c. 

Wd 

(Alcohol) 

Bile Source } 

Bile Add t 

Hydroxyl 

Groupa 

<w 

Derivation 


Cholanic Adda, CatffuiOt 


Altocholsnic 


170 

+ 22 2‘'§ 

oi-Hyodesozycholic 

Bufocholanic 


236 

-20.6 

Bufodesoxycholic 

Cholanic 


164 

+ 21 6 

Cholic, descsycholic, etc. 


Monohydroxy Adda, CttBvjOt 


3'HydroxyaZZocholanic 

3(a) 

208-210 

+26.4 

Hyodesozycoollc 

d-S-Hydroxyoliocholanic 

3(/3) 

218 

+ 17.2 

Hyodesoxychohc, dihydro- 
cholesterol 

6-Hydroxyailocholanio 

6 

228 


Hyodesoxycholie 

Lithocholic 

3(a) 

185-186 

+32.7 

Man, ox. cholic 

^-3-HydFoxycholanic 

3(d) 

176-177 

+25 3 

Lithocholic, coproeterol 

7-Hydroxycholanio 

7 

96-102 


7 , 1 2-DihydToxy cholanic 

12-Hydroiycholamc 

12 

90-95 


7 , l^Dihydrozycholatu .0 

Isolithocholic 

(?) 

185 

+ 94 3 

Goose (T), hen (T) 


Dihydroxy Adda, CufldOt 


Bufodesoxycholic 

3, (?) 

197 

+37 

Toad (T) 

Chenodesoxycholic 
(antbropo, gallo-) 

3(a), 7(0) 

140 

+ 11.1 

Goose (T), hen, man, ox, 
cholic 

Desoxycholic 

3(a), 12 

176 6 

+66 

Man (G and T), ox (G), 
eheep, dog, goat (G and 
T) , rabbit (G) , deer, cholic 

7, 12-Dihydroxycholanic 

7(a). 12 

226-227 


Cholic 

d-7 , 1 2-Dihydroiycholanic 

7(d). 12 

208 


Cholio 

o-Hyodeaoxycholic 

3(a). 6 

196 

+ 8.4 

Pig (G), hippopotamus 

d-HyodesoxychoUc 

3(d). 6 

189-190 

+ 5.1 

Pi« 

AZfohyodesoxy cholic 

3. 6 

274 


a-Hyodesoxy cholic 

o’-Lagodesoxychoho 

3(a). 12 

168-157 


Rabbit (G) 

d-Lagodesoxycbobc 

(?). (?) 

213 

+37.4 

Rabbit (G) 

Ursodesoxycholic 

3(a), 7(d) 

203 


Polar bear (T) 


Tdhydroxy Adda, CuHtyOt 


Cbohc (cholalic) 

3(o),7(a), 

12 

196-198 

+35 

Man (G and T), ox (G and 
T), sheep, dog (T), goat, 
Biinhe (T), fish (T) (Ap- 
parently inesent in most 
species.) 

NutriachoUo 

(?).(?).(?) 

198 


Otter (G) 

d-Phooaecholic 

3, 7, 23 

222-232 

+27.3 

Walrus (T), seal (T) 


Tatrahydroxy Adda, CuBtiOt 


3,7,8,12-Tetrahydroxycho- 




Rabbit (7) 

laoio 






* Dkta lucd; from 8<d>otks, "The Chemistry of the Sterids,” Williams and Wilkisii, Baltiiiiae 

oonSguratlon of rinta A/B ia cu in oholanie acid and its derivatives, (rans in the aUeoludsBio 
acids,ud undetermined in the "bulo" aeUs. . 

t The letters in parentheses indicate the type of eonjngatuai (u •< oyracs, T — taunse) u tbs 
dUfeieist spe^. 
i In efalorof 


torm. 































OR<MNiC CHEMISTEY 


UI4 

15 pet cent hydrochloric add; the dihydroxy adds, desoxychoUc and 
dbtenodesoxychcdc, are removed by 25 per cent hydrochloric add, and the 
BKKtobydroxyiithocholic add is scarcely detracted at all by concentrated 
hydrochloric add. Using this extraction procedure, Widand **’ has been 
aMe to obtain from 10 liters of winter beef bile 439.9 g. of cholic, 81.3 g. 
of desoxyoholic, and 81.2 g. of chenodesoxycholic acids. The acids that 
are {u^raent in small amounts in the various biles are extremely difficult 
to isolate and, for the most part, have not been investigated. 

Nomendatuie. Many of the names commonly used for the bile 
acids contain a prefix that shows the source of the acid. The application 
this terminology is apparent from Table II. Systematically the acids 
are named as derivatives of cholanic add or its stereoisomer, aUocholanic 
add, but no syston has been developed for the degradation products 
formed by orii(|idii^. These compounds must be referred to by the 
colorful names which were pven them when their structures were but 
partially kndwn. Certain general rules are followed, however. The tri- 
carboxylic or ketotricarboxylic acids formed by opening ring A at Cs — C 4 
are known as bilianic acids ; the several bilianic acids are differentiated by 
means of prefixes describing the parent compounds; thus lithocholic add 
pves lithobilianic acid (p. 1361). Opening of ring A at C 2 — C 3 leads to 
the formation of isobilianic acids. The name thilobilianic acids is applied 
to the tricarboxylic acids obtained by oxidative cleavage of ring B. The 
etiobilianic acids are formed by opening ring D after the C17 side chain 
has been completely removed (cf. p. 1361). The names of several other 
types are given in the preceding and subsequent sections. 

The Huclear Hydroxyl Groups. The bile acids may be hydroxylated 
in the nucleus at portions Cs, Ce, C 7 , and C 12 , or in the side chain at C 23 . 
Apparently, all the natural bile adds have an hydroxyl group at C 3 , and 
\isually this is in the a>configuration. From hog bile, however, a- and 
/^■hyodesoxycholic (3,6-<iihydroxycholanic) adds have been isolated, and 
these appear to be epimeric about Cs.**® There may be a further example 
of Cs — OH epimeruim in the a- and iS-lagodesoxycholic acids (p. 1424), 
bat the large difference in the specific rotations of the two makes this 
seem improbable.*** Similarly, the monohydroxy acids, lithocholic and 
isoUthochoUc, may be epimeric at Cb, but here the values for the specific 
rotarion suggest that they are position rather than space isomers (c/. 
Structure and Optical Botation, p. 1378). The spatial configuration of 
the Os — OH has been established by the oxidative degradation of epi~ 
ec^msterol t^ththothdic add;*** by the changes involved in tbeformatioa 
** ViAaaAkHi BUfawt, Z. jO^/iioL Chem., NS, 1 {im). 

■••Kincn, &id.. Stt, 280 <|«37). 

*** tas, 210 (1836). 

and Ooldbers, BiOf. Ckim. Ada, 18, 688 (1036). 
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of lithodiolic from 309)-hy(lroxy-A‘-choIemc acid, a |»oduct of tlie 
oxidative degradation of dibromocholesterol;** by the conversion of 
lithocholic acid to a number of degradation products of epicc^roeterol; *** 
and by the fact that the esters of lithocholic acid do not form insoluble 
di^tonides, while the esters of cjwlithocholic acids do.** As is shown 
later, the principal bile acids may be converted to lithocholic acid, and 
thus the configuration that obtains in lithocholic applies to the oih^ 
acids. 

The steric position of the C 7 — OH is not the same in all the bile acids. 
From the work of Lettrd (p. 1378), the C7 — OH of cholic and of chenode- 
Boxycholic acids is known to be in an a-confguration, or trans to the 
Cio — CH3. Ursodesoxycholic acid, the characteristic bile acid of the 
polar bear, is stereoisomeric at C 7 with chenodesoxycholic acid.“* In 
both Of and /S-hyodesoxycholic acids, the Cg — OH is assumed to have an 
a-configuration.**’ In several of the bile acids an hydroxyl group is 
present at C 12 . This hydroxyl group probably occupies an a- (or tram) 
configuration with respect to the adjoining C13 — CH3, smce catalytic 
hydrogenation in acetic acid (neutral medium) of dehydrocholic (3,7,13- 
triketocholanic) acid, or of dehydrodesoxycholic (3,12-diketocholanic) 
acid, returns the original bile acid.“® 

There are marked differences in the reactivity of the several nuclear 
hydroxyl groups. On the basis of the ease of esterification and of dehy- 
drogenation, Wieland *‘* suggested that the reactivity of the hydroxyl- 
hydrogen is in the order C 7 >C 3 >Ci 2 , and that an hydroxyl group at C# 
is more reactive than one at C3. Later work, however, shows that cold 
chromic acid oxidation converts hydroxyl groups at C 7 and Ci 2 to 
carbonyl without acting on the C 3 — OH.““ Deacetylation of acetyl 
compoimds proceeds more readily at C 3 than at C7.*®* 

Similar differences in reactivity are found in the dehydro (keto)- 
cholanic acids. Catalytic hydrogenation of the carbonyl group proceeds 
most easily at C3, with intermediate ease at Ce and C7, and with diffi- 
culty at C 12 . With Clemmensen reduction only the C 3 carbonyl can be 

I Sohoenheimer and Berliner, J. Bid. Chem,, US, 19 (1036) 

Reindel and NiederUnder, Ann., SM. 218 (1936). 

Reindel end NiederUnder, Ber., 68, 1243 (1936) . 

u* Iwaseki. Z. phyaid. Chem., SU. 181 (1936) ; Miyaji, ibid., S60. 31 (1937) ; Miyaii 
and Isaka, /. Bioehem. (Japan), 80. 297 (1939) ICfum. Zenir., (I) 2166 (1940)]. 

Tukamoto, J. Bioehem. (Japan), 38, 451, 461 (1940). 

*** Borsche and Feske, Z. physid. Chem,, 178, 109 (1928). 

*** Wieland and Dane, ibid,, 310, 268 (1932) ; Wieland, Dane, and Martina, Und,, 318, 
15 (1933). 

** Kaiiro and Shimada, ibid., 349, 220 (1937) ; Bergatxom and Hadewood, J . Chem. 
Soc., 640 (1639). 

Wieland and Kiyiitel, Z. phyeid. Chem., 313, 269 (1932). 
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iwteed,** Tiiute witJa Wolff-Kishner reduction a Cs caj^nyl is abnor- 
ma^y ccmvertod to hydrojQrl unless an excess of hydrazine is used.^ 

!nie characteristic bitter taste of bile is due to the bile acids. This 
taste is a function of tlie d^ree of hydroxylation, for the mono- and dihy- 
droxy adds are tasteless. Conjugation mth glycine or taurine enhances 
and modifies the taste condderaUy, producing in many instances an 
initial sweet taste which is rapidly replaced by bitter. 

Ihe Unsaturated Bile Acids. When the bile acids are heated in 
vacuo, dehydration occurs with tire production of mixtures of isomeric 
unsaturated adds.*** The physical properties of certain of these unsat- 
urated adds are shown in Table III. The course of the dehydration is 


TABLE III 

The Unsatotuted Bile Acids 


Acid 

Formuifl 

M.P. 

°C. 

[«1d 

(Alcohol) 

o-Iithocholemc (A* 7) 

CwHagO* 

166 

-H6.3° 

d-Iithocholfinic (A* 7) 

QmHjsO* 

160 

-1-18.7 

A*-Ch(deiiic (7) 

CjiHsgOj 

160 

-66.8 

3(/S)-Hydroxy-A‘-choleiuc 

CnHsgOs 

241-242 


Apocholic (3,12Hdihydit)xy-A*''* 7) 

C*4Hs804 

173-174 

-1-46,6 

Cihydrozycholeiuc (3, 12-dihydroxy- A** * 7) ... 

C34H3g04 

265-256 

-1-57.6 

laodihydroxyobolenic 

0*403*04 

108 

+ 5.9 

3(d)-Hydroxy-A*’’-chol»dieiuc 

0*403603 

214-216 

-69 

cr-Difaydroxycholadienic (A^*"** * 7) 

0*403604 

252-266 

-35.6 

d-IMhydroxycboladienic 7) 

0*108604 

253-256 

+71 


illustrated by the jHoducte formed from lithocholic [3(a)-hydroxycho- 
lanie] add.** The mixture obtained on dehydration contains about nine 
parts of an o-add and one part of a higher-melting ^acid. The lower- 
melting o-Uthocholenic add is probably unsaturated at C2 : C3, and the 
^Uthocholenic add at C3 : C4. Separation of the mixture is effected by 
bromination and crystallization of the dibromides. In this way, three 
dibromides are obtdbed, one melting at 171°, another at 233°, and the 
third at 2W°. The two melting at 171° and 233°, respectively, give 
o-tilirocholemc add when debrominated with zinc; these two dibromides 
are probably qfimers in which the bronune is ds, cis in one, and Irons, ds 
in the oth». 

Sawii. iba., ne, 71 (i^. 

flitbidni. Odm aad Middso, ibid., ZIS, 13S (1^). 

m^uO. Knni. Eiener, rad Qtta^ ibid., S«l, 47 (1936). 
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The removal of water from ring B takes place largdy through the 
splitting off of^ an hydroxyl with an adjacent tertiary hydrogen. An 
example of this is the dehydration of 6-hydroxyoZZocholanic acid to a 
fotxjTotatory compound, which probably is unsaturated at Cs : Ce- In 
ring C with the hydroxyl group at C 12 , dehydration can give but one 
product, as Cig is quaternary. 

Acid dehydrating agents, such as zinc chloride and sulfuric acid, 
remove water from ring B in cholic and chenodesoxycholic acids. In the 
case of cholic acid, the principal product is apocholic acid, which appears 
to have the structure 3, 12-dihydroxy- A®^^*^-cholenic add. In Bmaller 
yield there is obtained a dihydroxycholenic add, which may be unsat- 
urated at Ci 4 : Cia.*" It can be hydrogenated to desoxycholic acid, but 
apocholic add cannot be reduced catalytically. Treatment of apocholic 
add with hydrochloric acid partially rearranges it to an isodihydroxy- 
cholenic acid, which is also obtainable from cholic acid by the action 
of hydrogen chloride; isodihydroxycholenic acid cannot be reduced 
catalytically. Evidently the isomers result from a rearrangement of a 
double bond about Cg, or from Cg to a neighboring carbon atom. In a 
general way, there appears to be an analogy between these compounds 
and the «-stenols (p. 1387). 

Bromine dehydrogenates apocholic acid to a mixtxu« of two isomeric 
adds, oc and ^-dihydroxycholadienic acids.®* The mechanism is addi- 
tion of bromine followed by spontaneous loss of hydrogen bromide. 
The two acids may be produced from apocholic add by the action of 
perbenzoic add to give the a-dienic, or selenium dioxide to form the 
/3-dienic acid.®’ Both these dienic adds can be partially hydrogenated, 
the a-dienic add yielding apocholic acid, and the /S-dienic add an isomeric 
/3-apocholic acid which may be stereoisomeric about Cg. Isodihydroxy- 
cholenic acid, when dehydrogenated with bromine, gives a dienic add 
differing from the known isomers, and hydrogenation of the dienic add 
likewise gives an unidentifiable product.®* 

Bile acid analogs of the 7-dehydrosterols have not been investigated 
for pinacol formation and for phototransformations, although 3(p)- 
hydroxy-A®'^-choladienic acid has been prepared from 308)-hydroxy-A*- 
cholenic acid.®* It is known, however, that irradiation of apocholic add 

“* Boedeker, Ber., * 8 , 1852 (1920) ; Boedeker aad Volk, Ber., 84 , 2489 (1921) ; Bonohe 
and Todd, Z. jAyiiiol. Chem., 197, 173 (1931) ; Widand and Dane, ibid., tU, 263 (1932) ; 
Yamaaaki, ibid., SSO, 42 (1933) ; SSS, 10 (1935) ; Yamaoaki and Takahariii, did., XBB, 
21 (1938). 

Wieland and Deulofeu, Z. j^ysiol. Chtm., 198, 127 (1931). 

CaUow, J. Cham. 8oe., 462 (1936). 

*** Widand, Dieta, and Ottawa, Z. phytiol. Chtm., 844 , 194 (1936). 

Hadewood, J. Cham. Boe., 224 (1938) ; tf. Dane and Wnlla, Z. pftydd. Cham., 887 . 1 
(1940). 
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^ «Binyd»)tenic add without a sendtiser produces an equiiiimum 
lidxture two adds.*** ' 

llw Color Reactions of the Me Acids. The unsaturated adds are 
probably intennediates in the color reactions given by the bile adds. 

the PettenJcofer reaction, or its modifications, an aqueous solution of the 
hile add is treated with concentrated sulfuiic add in the presence of 
sugars,*** furfuraldehyde,*® or other aldehyde.*®* The violet color pro- 
duced by cholic and apocholic acid, when dissolved in 25 per cent hydro- 
dtkaio add, is known as the Hammarsien reaction.^*^ The color produced 
by the addition of solid bile adds to concentrated sulfuric add is the 
lAAermann reaction.*^ As, with the color reactions of the sterols, color 
production k probably due to the formation of halochronuc salts. 

Transformations of the Nucleus. The nuclear hydroxyl groups 
weaken the several rings at the point of attachment, and, by the proper 
selection of oxidizing agent, stepwise degradation may be effected. Cold 
chromic add produces the least change, converting the carbinol groups to 
carbonyl to form the dehydro acids,*** while concentrated nitric add 
and potassium permanganate open the rings. The possibilities of such 
transformations are illustrated in the degradation of desoxybilianic 
acid (p. 1363). Concentrated nitric acid acting over a period of time on 
this add not only opens ring C, but also probably oxidizes the Cio 
methyl group to carboxyl, forming choUepidanic acid (Gr., lepia = 
scale) (ni).*’ Less vigorous treatment with nitric acid merely opens 
ring C to produce choloidanic add (IV).*** Pyrocholoidanic acid (V), 
the pyrolytic product from IV, on oxidation first with permanganate 
and then with nitric add, passes through the stage of prosolanellic acid 
(VI) to solanellic add (solus anellus = one ring) (VII) ; *•* pyrosolanellic 
add (VIII) in turn yields biloidanic add (IX).**® The last may be 
produced more easily by the action of mixed adds on bilianic acid (XI),**^ 
the product of partial nitric add oxidation of dehydrocholic acid (X). 

*" aam, Z. physiol. CKsm... M7. 232 (1938). 

^ Pettenkofer, Ann.., SS, 00 (1844). 

*** UyUiu, Z. physid. Chsm., U, 492 (1887) ; Gregory and Paacoe, J. Biol. Ckem., 8S, 
aO (1929) ; Seinliotd and Wilaon, and., 96, 037 (1932). 

*** Woker and Anteuer, Beb>. Chim. Acta, S7, 1345 (1938) ; Kaiiro and Shimada, Z. 
physid. Chsm., SN, 57 (1938). 

wiHammantoii. Z. physM. Chsm., 61, 495 (1909) ; Yamaaaki, ibid., m, 42 (1933). 

***C/. Dana, Biologieas Psriodieas, m. 58 (1933), lot tabulation ql color 

*** Hanrmnrgtan, Ber„ 14, 71 (1881). 

Widand and Kraft, Z. fOtysiol. Chsm., SU, 203 (1032). 

*■ Wiebind «ttd Kuhmkamidr, ibid., IW, 300 (1920). 

*** Wielaiuteiid fichulaaburg, ittd.. 114 , 107 { 1921 ), 

«• mrntik, ibid., ll*. 107 iim) ; ll*. 38 (1921). r 

and ScUSnlitiiic. ibid„ US, 70 (1922). 
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Biliaaic acid when oxidized with permanganate suffers oxidation in 
ring B to give a triketo acid (XII) which, when treated with acid, 
undergoes a benzilic acid rearrangement to form cilianic acid (XIII).*'* 

Sdtenok, ibid., 87, 60 (1013) ; Stt, 81 (1036) ; SU, 246 (1936). 
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C^rontio add ondation. in the cold of cl^-hyode 80 xydkoIic add pves 
te ddxydro add, 3,6-dilcetocholamc add, which is readily isomerized to 
the oQo series by wanning with strong acids or alkalies.’’^ The result- 
ing 3,6-diketoaUocholamc (d*dehydrohyo) add serves as a source of a 
^riety of oHo derivatives. a-Hyodesoxycholic acid (XIV) is converted 
by the action of hypobromite to an hydroxytricarboxyUc add (XV), 
whkdi may be reduced by the action of hydrogen iodide to lithobilianic 
add. Treatment of the hydroxytricarboxylic add with sodium ethoxide 
dehydrates it to lithobilienic add, and this add is converted by catalytic 
hydrogenation to olldithobilianic acid (XVI). The isomeric aUo- 
isolithobilianic add (XIX) is obtained from 3,6-diketoanocholanic acid 
(XVII) by permanganate or hypobromite oxidation to a 6-ketotricar- 
boxylic add (XVIII), which is then reduced by the Wolff-Kishner 
method to the dedred alio add. As has been cited previously, these 
isomeric bilianic acids played an important part in the establishment of 
the spatial configuration about C 5 (p. 1369). 

CH» 



OoM 

CiOt ozldafioQ. 
and 

TeamogeiDeDt 

V 



Bufocholasic Add. From the bile of the toad, the specific dihydroxy 
tale add, bufodesoxychoUc, has been isolated;*’* it differs stereochemi- 
cally from the others. The corresponding dehydro acid can be rear- 

>»WiBdMW ana Bcdma. A«n., «S8, 278 (1023): Windaua, Ann.. «7, 233 (1026); 
SMbuya a&a MIki, Z. Chtm., SOe, 270 (1032). 

/. Biod^. (lapanJ.S, 361 (1928) ; 10, 6 (1928) ; 11, 103 (1920). 
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ranged like dehydrohyodesoxycholic aad, but the bufochdanic acid pro- 
duced by Clemmensen reduction of these two dehydro adds is not iden- 
tical with either cholanic or aUocholanic acid. On opening ring A of 
these bufodehydro acids by the action of hypobromke, ketotricarboxylic 
acids are produced, which, on Clemmensen reduction, are converted to 
oZZolithobiliamc add. From this evidence, one of the hydroxyl groups is 
placed at C3, but the position of the other hydroxyl is uncertiun. Obvi- 
ously this second hydroxyl group is adjacent to one of the centers of 
asymmetry. 

The Cio — CH3 Group. With many of the bile acids, pyrolysis in an 
atmosphere of carbon dioxide splits off the Cio — CH3 as methane. The 
reaction parallels the conversion of the sterol pinacols to the norsterols. 
The lability of the methyl group is markedly affected by structure; for 
example, in apocholic acid, more than a third of the molecule suffers this 
type of change, but with most of the bile acids very little methane is split 
off.*’* 

Molecular Compounds. The property of forming molecular com- 
pounds is pronounced in the bile adds, and, as commonly obtained, 
they crystallize with a molecule of solvent of crystallization. One of the 
unique molecular compounds is the blue compound (C24H4o05 T)4- 
KI -H2O, formed when an alcoholic solution of cholic acid and a solution 
of iodine in potassium iodide are mixed in the correct propor- 
tions.*’* 

With any of a wide variety of substances, desoxycholic acid forms a 
series of water-soluble molecular compounds which are collectively 
known as the choleic acids. The compounds formed with the fatty acids 
were the first examples noted and have since received considerable 
study.*” With increasing molecular weight, the molecular ratio of bile 
acid : fatty acid changes from 1 : 1 with acetic acid to 8 : 1 with stearic 
acid. The variations are shown graphically in Fig. 1 both for fatty acids 
and dicarboxylic acids. Since formation of choleic acids is due to co6r- 
dinate valences, the compounds are conveniently described by a coordi- 
nation number which expresses the number of molecules of desoxycholic 
acid combined with one molecule of a second substance. As the curves 
show, the ratio changes by steps. The significance of this is a matter of 
speculation, but usually there is assumed to be a packing of molecules 
along the lower edge of the nucleus and the side chain (c/. structure I) 

Wieland and Dane, Z. physiol. Chem., SU, 263 (1932). 

Myliua, ibid., 11. 306 (1887) ; Kaster, Z. physik. Chem., 1«, 156 (1896) ; Barger and 
'Field, J. Chem. Soc., 101, 1404 (1912). 

”7 Wieland and Sorge, Z. physiol. Chem., 91, 1 (1916) ; Bheinboldt and oo-arorkers, 
Ann., 461, 256 (1927) ; Z. physioU Chem., 180, 180 (1928) ; Ann., 478, 249- (1029) ; J. prakL 
Chem., lOS, 313 (1939); ^botka and Goldberg, Bioehem. J., M, 656 (1932). 
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mmeA Itte ***mhKnciBg** effect of the hydrox^i group at Ci». Sup* 
punlBg evidffiMe los tins tiieoty is fuioisbed by the fact that apooholie 
add fonoa eo&diiiattcHv oconpaunds oocojmrahle to those of desoxycholie 
aoid^iduledieaodesoayebolic and cholic adds do not. Ilie dioleio adds 
foamed from endizable ketones exhibit the peculiarity of being combined 
completely in the enolized form.*^* Since functicaial groups are not 
naoeesary for the fmmation of choldo adds, these compounds have been 


m« 2 4 5 6 10 16 



Fig. 1. — Bdation betweea length of aliphatic chain and coordination number of the 

fatty acid choleic acids. * 

Boosted as a means of resolving racemic mixtures of optically active 
but inert compounds, such as hydrocarbons.*’* 

The soluble sdte of the bile adds lower the surface tension of water 
to a marked d^ree.*” This property may be associated with the 
{dienanthrene structure, for other compounds containing a phenandirene 
nudeus, such as theaaponins (p. 1454) and abietic acid, exhibit the same 
behavior. 

natural Bite Adda and Their Derivatives. Cholic add, the most 
common bile add, is fcnmd in the bile of many spedes (qf. Table II). 
In beef Hie, which has been investigated most extensively, cholic add is 
accompanied by smaller amounts of desoxychoUc and chenodesoxycholic 

Sobcrtka and Gk^berg, Bioeiiem, J., M, 905 (1032) ; Marx and Sobotka, /. Org. 
Chem^ t, 375 (19S6). 

* Worn flabetka, Cham. £»»., Ul, S62 (1984). (CSowteigr of the pnUidtcn.) 

Ahan. /. mah CkiHa., at, 805 aftu)- 
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adds togedier ividi traces of lithodudic, sterodiolio, and Weylainl’s 
acids.^*'* 'Hie rare lithooholic add was first isolated frmu cattle gall" 
stones,^^^ and apparently these and hog gallstones are the only satis- 
factory natural sources. Because of the inaccessibiUty of many biles, a 
craidderable amount of work has been directed towards the conversion of 
the common to the uncommon bile acids. In addition to the preparation 
of lithocholic *® and chenodesoxycholic *** acids, a number of isomeric, 
monohydroxy adds have been obtained. Those reported are allolitho- 
cholic*“ [3(o)-hydroxyfllZocholanic], 3(/8)-hydroxyoiZocholanic,®“ 6-hy- 
droxyoZlocholanic,*® 7-hydroxycholanic,*^* and 12-hydroxycholanic 
acids. When dihydroxycholenic add is oxidized with dilute permanga- 
nate, the tetrahydroxy acid, 3,7,8, 12-tetrahydroxycholanic add, re- 
sults.*** This add may be identical with an acid isolated from rabbit 
bile.*** Barbier-Wieland degradation has been applied to desoxycholic,**® 
chenodesoxycholic, **^ and hyodesoxycholic *** acids as weU as to cholic 
add (p. 1360). 

In the course of the oxidative degradation of the saturated sterols for 
the manufacture of sex hormones, a number of bile add derivatives have 
become available, particularly 309)-hydroxy-A®-cholenic acid. The 
physical characteristics and the literature of some of the other degrada- 
tion products have been siunmarized by Reindel.*** 

Miscellaneous Bile Acids. In addition to the acids mentioned 
above, a number have been isolated from various sources. Wieland **® 
has isolated from beef bile a molecular compound of chenodesoxycholic 
and 3-hydroxyketocholanic acids; the molecular compound is known as 
Weyland’s acid. A keto add, 3-hydroxy-6-ketoaZtocholanic add, has 

Wieland and Jacobi, Z. pkytiol. Chen., 148, 232 (1926) ; Wieland and Kishi, ibid., 
S14, 47 (1933). 

Ml Fiaoher, ibid., 73, 204 (1011). 

M> Schoenheimer and Johnston, J, BioL Chem., UO, 409 (1037) ; Schenck, Z. jAyaidL 
Chem., aw, 160 (1038). 

M* Boraohe and Hailwass, Ber., W, 3318 (1922) ; Wieland, Dane, and Scholz, Z. phyri/iL 
Chem., 811, 266 (1932) ; Mailcar and La^raon, J. Am. Chem. 8oe., 60, 1334 (1038) ; l^tchsr 
and Wintenteiner, Hud., 61, 1002 (1930) ; BeisstrOm and Haalewood, J . Chem, 8oe., 640 
(1930). 

M« Eawai, Z. jAyiM. Chem., 814, 71 (1033) ; Miyaji, ibid., 860, 31 (1037). 

•H Wieland and Dane. Und., 818, 41 (1932). 

M* Wieluid and Dane, tbid., 810, 268 (1032). 

M' Wieland and Schliohtins, ibid., 180, 267 (1925). 

M> Wieland and Dane, ibid., 806, 243 (1932). 

M* Windaus and vui Schoor, ibid., 178, 312 (1028). 

MO Hoehn and Mason, J. Am. Chem. Boc.. 60, 1403 (1038) Kazuno and Sdmiso, /. 
SioiAem. (Japan), 89, 421 (1939) [Chem. Zentr., (11) 2701 (1039)]. 

M> Ishfliara, J. Biochem. (Japan), 87, 266 (1938) {CAem. Zentr., (I) 2316 (1940)]. 

»> Kimuia and Suciyama, ibid., 89, 409 (1030) [CAein. Zerdr., (H) 2798 (1930)]; 
Markar and Bjniecer, J, Am. Chem. See., 68 , 70 (1040). 
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been obtained from bile.*** Xn rabbit bile, desoxycholic add is pre- 
dfflmmazitly present, but there are also small amoimts of the isomeric 
ad^, oe- and / 7 -lagodesoxyoholic adds; the a-add is epimeiic at C13 mth 
desosychdio add, but tire structure of the / 3 -add is unkno-wn.’*^ 

Two Css bile adds have been isolated. The first, sterocholic add, 
C^s^sOi, was obtained from ox bile,^^'* and related compounds are 
present in the bile of the snapping turtle.*** The second C28 add, trihy- 
droxysterocholenic add (XX) » C28H48O5, was isolated from toad bile.*** 
The dmilarity of the side chain of this add to that of ergosterol is strik- 
in g . ReLated to this toad bile add is tetrahydroxynorsterocholanic add 



XX. Trihrdroxjrbnfosterocbolenle ACld 
(Sterlc pocKloa of hTdroxyl eroopt nacertatn) 



(XXZ), which has been isolated from tire bile of the “Gigi" fish.®** The 
ring hydroxyl groups of this latter add have been placed by degrada- 
tions to hyodesoxychoUc a/dd and to 12-ketocholanic acid. 

One tnle add with ^^ear unsaturation has been isolated from 


natural sources. This been obtained from chicken bile, and it 
^>peazB to have the gj^bire 3 -hydroxy-d*^‘*^-cho]enic add.**’ 

^RetnlioLi, Z. Sit, 202 (1930); Sohoenteimer and Johnatoa, refer- 

*** Yamaaald aq/l'naU, Z. Chtm,, M4, ITS (1036) ; Kim, /. Biochtm. (Japan), 

M,S47 (1030) 1327 (lOlO)]. 

*** Shimiiu Z. jUtgaioL Chvm^ 1X1 , 74 (1034) ; Sumiau aad Kunino. ihid„ 

m, 67. 74 (19Wi:AU., 144, 167 (1036). 

"* Ohta, Ata.. SM, £3 (1630) ; brica, ibid., SM, 177 (1040). 

*** TnUariii. tML, SM. 177 a»38}- 



THE STEROIDS 


The Bfle Alcohols. From the bile of the shark, of frogs, and of 
toads, a number of polyhydric steroid alcohols have bemi isolated, usually 
as the sodium salts of the sulfuric acid esters. In the shark the salt of tli^ 
sulfuric acid ester of scymnol (XXII), C27H4g05, is present.*** All tiie 
structural details of this compoimd have been determined except for one 
secondary hydroxyl group. As structure XXII shows, scymnol is one 





the few steroids in which a C3 — OH group is not present. Allied with 
scymnol are the compoimds tetrahydroxycholane (XXIII), present as a 
Ci4 sulfuric acid ester in frog bile,*** and pentahydroxybufostane 
(XXIV) , found in small quantities in toad bile.*®* The structures of both 

*** Hammanrteo, ibid., M, 323 (1898) ; Windaua, Bergmium. and EBaig, ibid., 188. 
(1930) ; Tacheacbe, ibid., 803, 263 (1931). 

*** Kiirauti and Eaiuno, ibid., 883, S3 (1939). 

*«>Eaiuno, ibid., 868, 11 (1940). 
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have beaa detomined by tiie standard cwthods of degrada- 
tlte. In liie case of pentahydroxybufostane, chromio acid oudation of 
the edde «jiain is acoconpanied by a {nnaeol rearrangement to ^ve the oon- 
0 CH» 

figuiatum — CHi — C — C — CH», which is novel in the sterdd group. 

CH, 

These t^e alcohols may be viewed on biogenetic grounds as evolutionary 
stages in the formation of the bile acids. 

The Conjugated Bile Acids. Some conjugated bile acids can be 
ebtained pure by ciystallization fibm absolute alcohol of dried bile or of 
the products obtained by salting out.*"* In general, however, these are 
not satisfactory procedxires, and the pure acids are best obtained by 
reacting glycine or taurine with the azides of the individual bile acids 
or with the add chlorides of the fonnylated bile acids.*®* The conjugated 
acids are niore addic and their salts are more soluble than the free bile 
adds. The conjugated derivatives of deaoxycholic acid will not form 
choldc adds.**' *®* 

Physiological Transfonnations of the Bile Acids. A number of 
Japanese workers have injected a variety of bile adds and their deriva- 
tives in various animals and, from the site and nature of the excretion 
products, have drawn condusions as to the biochemical transformations 
brought about in the body. Injected cholic acid is eliminated in the bile 
of guinea pigs in small amounts as desoxycbolic, cbenodesoxycholic, and 
3-hydroxy-7-ketocholanic adds.** This suggests that the body can oxi- 
dize C 7 and Cia hydroxyl groups to carbonyl with subsequent reduction 
to methylene. In accord with this, injected ketonic derivatives suffer 
reduction in the body with conversion of C 7 and C 12 carbonyl groups to 
methylene, and of Ga and C# carbonyls to hydroxyls.'®* In the case of C 3 
<»rbony]s, the products excreted by the liver have an a-configuration; 
those excreted by the kidneys may have a jS-configuration. When 3,6- 
diketocholanic add is injected subcutaneously in toads, it is eliminated 
as 30)-hydroxy-6-ketoaQocholanic add in the urine.*®^ Injected unsat- 

*** Abderhaldera, “Handbueh der bidogischea Arbeilamethoden,” Urban and Schvar- 
tmberg, B«iin (1926), i, VI, 211. 

m Bondi and Mndkr. Z- CKtm., 47, 4991 (190«) ; Corteaa, J. Am. CAtm. Soe., 

M, 2532 (1937). } 

••*Ccateee and BannaaEW, Am. Chem. See., 57, 1393 (1936) ; J. BioL Chem., 118 
. 779 (1936) ; CortaM and iPAhour, Und., 11». 117 (1937). 

*• Wialasd. Chem., 165, 181 (1919). 

*>• B3itt. er (1989). 

154, 104 (1938) ; Kbn, Brid., tS5, 207 (1988). 

WTdtnnoite VMI., MO, 210 (1039). 
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urated bile adds appear to be hydroxylated or to suffer rearrangement.*®* 
This type of investigation is not entirely oondusive, however, since only 
fractional per cents of injected material can be accounted for. 

THE CAKDUC AGLUCONS AlH) THE TOAD POISOKS 

A number of glycosides of plant origin and the nitrogenous venoms 
secreted by the parotid glands of toads possess valuable cardiotonic prop- 
erties. The administration of these substances to individuals with dam- 
aged heart function results in a decrease in the rate and an increase in the 
intensity of the heart beat. Overdosage produces pernicious vomiting 
and stoppage of the heart in systolic standstill. The cardiac substances 
are used for other purposes in medicine, but the principal use is for their 
characteristic heart action. In addition to their therapeutic use, certain 
of the glycosides have been employed as arrow and ordeal poisons by 
savage tribes, particularly by the natives of Africa and of the Malayan 
peninsula.*®* Acid or enzymatic hydrolysis of the glycosides or of the 
venoms splits off the sugar residues or the nitrogenous bases to give the 
so-called genins (Fr., glnie, spirit). In the case of the glycosides these 
hydrolytic products are also called aglucons. The free genins are spar- 
ingly soluble and are convulave poisons rather than satisfactory heart 
stimulants; they are valueless medicinally. 

The Cardiac Aglucons 

The Cardiac Glycosides. The chief sources of the cardiac glycosides 
are the members of the plant orders Apocynaceae and Scrophulariaceae. 
Of the latter order certain genera of Digitalia (foxglove) furnish most of 
the drugs of therapeutic value. The principal glycosides, their sources, 
and their hydrolytic products are listed in Table IV. In this compilation 
the melting points have not been ^ven, since these are functions rather of 
the method of purification and of the rate of heating than of the glyco- 
sides themselves. In a few instances there is some uncertainty as to the 
nature of the sugar portion of the molecule. 

The cardiac glycosides are obt^ed by extraction from the plant tis- 
sues indicated in Table IV. * The isolation of the pure glycosides in quan- 
tity is difficult because of the low content in the plant tissues and because 
dt the presence of other substances that materially modify the solubility 
relations. Most of the glycosides that have been studied are probably 

*• Mori, ibid., asa, 143 (1939) ; Sihn, (Md., lU, 93 (1939). 

Levin, “Die Pfrilplta," Barth, Lriprig (1923). 

* For prapararive details of the i^yeo^ei see Van Bijn, “Die Olyooeide,’’ Bomtraeger, 
Bwlin (1931) ; StoU, “Tlw Cardiao Olyooaidee," Tlw PbaimaceatiQal Pieaa, London (1937) . 
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the true plant ^^cosides, ^ce there are enzymes in the plants that 
ta|»(i^ biing about a partial hydrolysis. The (^ilanides A, B, and C, 
the purpurea glycoeides, and sdllaren A are representatives of the true 
plant glycosides."® The other compounds of Table IV are obtained from 
the dried tissues and are probably enzymatic degradation products, as 
has been ^own to be true in a few instances. Thus, the juices of the 
fresh leaves have been used to convert purpurea ^ycoside A to digitoxin, 
purpurea glycoside B to gitoxin, and digilanide C to digoxin."® From 
the dried leaves the glycosides are ^nerally extracted by means of alco- 
hol, the tannins removed, and the products purified by precipitation and 
crystallization, or by partition between solvents, e.g., chloroform and 
water or aqueous methanol. 

As many as four sugar molecules may be present in the native gly- 
cosidesi, and apparently they are attached to the genin at the C3 — OH 
(see formula I below). The sugars are for the most part a-desoxy sugars 
(cymarose, digitoxose, and sarmentose), antiarose, digitalose, glucose, 
and rhamnose; their chemistry is discussed in Chapters 20 and 21. With 
the exception of glucose and ihamnc«e, these sugars are not found dse- 
where in nature. When dther glucose or rhamnose is joined directly to 
the genin molecule, the union is much firmer than vdth the other sugars, 
and the conditions necessary for complete hydrolysis are so drastic that 
partial dehydration occurs with the production of anhydrogenins, e.g., 
hydrolyris of ouabain, uzarin, etc. Because tile hydrolysis is usually 
eaoly effected, Stoll has sufgested that the normal sequence of attach- 
ment to the C3 — OH is: aglucon — (desoxy 8Ugar)r — (glucose),,. 

The A^ucons. With the exception of scillaridin A, the ring Byatet^ 
of the aqueous is given in structure I.* In this formulation they are 
shown with a A"" *’-butenolide C17 side chain as indicated by the work of 
Elderfield “ and of Ruzicka.*“ like other steroids, the genins are hy- 
droxylated at Cs, and nearly all are hydroxylated also at C14. The spar 
tial cemfiguration of the ring nucleus, with the exception of uzarigenin, is 
probably the same as that of coprostane. Scillaridin A appears to be a 
transitional substance connecting the cardiac glycoeides with the toad 
pewoDs and is discussed separately. The prindpal aglucons are listed in 
TAleV. 

®>® mon and Ktda Self. CMm. Acta, 1«, 1049, 1390 (1933) ; StoU and Bana, ibid., SS, 
llW (1939). 

* Tbe atatoidal atraeture of th« cardiac a«ducons was cuggeated firat by Kon, J. Sac. 
Chm, tnd., n, SOS, 9Sa (1934), and waa based on z-ray meaaoremanta made Bamal 
aad Cnnrfoot, fMd., SS, ^ (1934), which ihowed that were andlar to the aterola and 
bfiaaoida. 

•USadwficidaf at, J. Org. Cheeu. S. 260, 270, 273, 289 (1941). 

^ Rttabdca, Bc^ehateln. ai^ Fttrat, Seh. Chim. Acta, M, 76 (1941) ; Ruaioka, l^ttoar 
and r&tat, drfd., 94, 716 (1941). 
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Ore orina atom. 8M«tmc(ata XLVI (p. 1448). 
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Hie development of Hie etructural ehemistty of tins group of com- 
pounds parallels that of the other steroids.* The presence of a lactone 
^e (diain as a common feature w&b noted early in the course of the 
inves%ation.”* The structure of the nucleus to which the lactone ring is 
attached resisted elucidation for many years, however. The problem was 
originally attacked by studying the products of oxidative degradation, 
but ag^ it was selenium dehydrogenation of monoanhydrouzarigenin 
and'of stroidianthii^ •“ to Diels’ hydrocarbon that furnished the essen- 


1* 



X. Blnf •y i tgtn of Che eardlM asloeo&e 
(Structure of ketone rlsff prorklonaU 


tial clue. The predae structural characterization of the ring nucleus and 
the assignment of the lactone ring to C 17 have come from the study 
of the two agluoons, uzarigenin (II) and digitoxigenin (p. 1443). On 
add hydrolysis of uzarin, a molecule of water is lost with the sugar 
moiety and a mixture of the isomeric aj- and az-monoanhydrouzarigenins 
is formed. After separating the two components of the mixture, 
Tschesche obtained, by a combination of degradation and reductive 
procedures, two isomeric lactols, both of which gave etioolZocholanic add 
whrai degraded by Barbier-Wleland’s method. A similar series of degra- 
dations carried out on 7 -digitoxanoIdiacid (p. 1446) from digitoxigemn 
by Jacobs and Elderfield led to the production of etiocholanic add. 
Both degradations show that the lactone side chain is attached at C 17 , 
but ndtbpf gives complete information about the spatial configuration of 
the nucleus. Since most of the cardiac aglucons other than uzarigenin 
can be correlated with di^toxigenin, it would appear that the normal 
nuclewr confiiguratiem is that of etiocholanic acid. This is not necessarily 

* Hie eerlier work is reviewed bjr Schraiedeberz, Arch, exptl. Path. Pharmaiol., IS, 
(1883). Subeequent to this, Kiliani, in • series of papers puUished in the BerieMe 
(188^1931) and Arch. Pharm. (189C-1013), studied Uie iec^tion of Uie pure glyooeideB. 
Modem eonaritutional investigation began in 1015 with the work of Windaus, reference 320. 

*>« Fedst, Btr.. 31. 534 (1898). 

Tseheaidie and Kiudr, Z. pkynU, Chem., Sti, 58 (1933). 

HtjEOderlMd and Jamba, Science, T>, 279 (1934) ; J. Biol. Chem., W, 143 (1934) ; cf. 
JmetOm and Fleck, tbid.. ft. 57 (1932). 

"tlkobembe. Z. phtfriot. Chem., tU. 50 (1933); Angew. Chem., 47, 729 (1984) ; Z. 
phgHaL Chm., $», 219 (1934) ; Bet., 88, 7 (1985) ; Teeheeehe md Bohle, Ber., M, 2252 

ladesfiSld. Seienee, 80, 434, 533 (193« ; J. BUI. Chem., 108, 497 (1835) ; 
HdS bat papepvia very b^mrleBt skiM it oorrdatea Jaeobs’ eadier work with Uis newer 
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true, however, for catalytic reduction of a double bond at Cm : Cia is 
involved in the degradation of r-digitoxaaol diadd, and in the hydrogm- 
ation a spatial configuration different from that of the native a^ucons 
may result. 
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IV. 8,Zl~-D>ac«tox]r- A‘^reciiCD-30.ODa TI. V'AeetozT-Zl^i^rdToiT^ 

A*’***V ^hotadlenlc scld lactam 

By partial synthesis Ruzicka has obtained additional evidence for the 
structure of the nucleus and for the position and structure of the lactone 
ring. Catalytic hydrogenation of the acetates of the monoanhydro- 
uzarigenins gives the corresponding ai- and 02 -tetrahydromonoanhy- 
drouzarigenin acetates, both of which are stereoisomers of III.“* These 
two products appear to be identical with isomers that Ruzicka has 
obtained by s 3 Tithesis from 3,21-diacetoxy-A®-pregnen-20-one (IV), the 
diacetate of an intermediate used in the preparation of desoxycord- 
costerone (p. 1523). By the Reformatsky reaction, a five-membered 
hydroxylactone ring (V) was formed at C17. By spontaneous dehydra- 
tion the hydroxylactone was converted largely to the unsaturated 
lactone VI. The latter, on catalytic hydrogenation, gave two sub- 
stances which agree well in their physical properties with «i- and 
a 2 -tetrahydromonoanhydrouzarigenin acetates, respectively. By simi- 
lar methods Eldierfield has converted etiocholanic acid tna 3,14- 
bisdesoxythevetigenin to a saturated lactone identical with that ob- 
tained from digitoxigenin, sarmentogenin, and digon^nin by ddiy- 
dration and hydrogenation; thus a direct correlation betwemi tiie bile 
acids and the cardiac aglucons is provided. 

*'’■ Fried, liaville, end Elderfidd. /. Org. Ch»m., 7, 363 (IMS). 
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lEInlluAMieSillg. These nynthcafla artahli^ tha pr riimiBa,ty 

namdts Ellderfieldf"^ viueh gave the first indicatioQ that the lactose 
ihig is probably ussaturated at C 20 : C )28 (IX), ratho' than at Cso : C 21 
(X), as (Higinally framulated by Jacobs. For the purpose of studying the 
structure of the lactone side cb^, Elderfield synthesized a number of 
/3-mbstituted A“'^-unsaturated lactones (VTI). On comparing the ab- 
sorption spectra of these and of strophanthidin (XII) or of periplogenin 
(p. 1443), Elderfield and co-workers noted a siinilarity in that all absorb 
stron^y at 210-215 mpt. In contrast, vinyl acetate, which has the same 
amuigement of ethylenic and carbonyl double bonds as is present in a 


E — C- 


•CH 


CH, 6=^0 


TO. A^^-BnUoOUdM 

VUa. BBcrdahavl 



■ grrr A^’‘^*Aw*Uck lactOM 



A^’'''-lactone, gives an entirely different absorption curve. This has been 
confirmed by Ruzicka. In formulating the side chain as a A^''''-unsatu- 
rated lactone, Jacobs was influenced by the characteristic red color 
reactions (Legal’s test) that the cardiac glycosides and the aglucons give 
when treated with alkaline solutions of sodium nitroprusside. This test 
is not given by the dihydrogenins in which the lactone ring is saturated. 
In Jacobs’ study, when model experiments with and A^’'’’-angelica 
lactcmes were conducted with nitroprusdde, the latter was foimd to give 
the same color reaction as the aglucons; the A^'^-lactone at first gave a 
veay weak color which grew stronger on standing until finally it was com- 
parable with that of the A^''’>lactone. Similarly, towards silver solutions 
tiiere was a pcuallel in behavior. The A^ ''’'-lactone reduced ammoniacal 
sitm' solutions, the af^uoons were weakly reducing, and A^'^-angelica 
lactone did not affect t&e reagent, even on long standing. Using a 
modii&d technique color tests, Elderfield has found that stro- 

p lpmthidm and ^j^plexyl-A'’'‘^'butenolide (Vila) give identical color 
reactions, but lactone shows no similarity. This is 

jportieularly taue?^^! femcyanide is employed in place of nitroprussidfi. 

*** Jwsofaa Quatua. /. Biol. Chem., 79, I (1030). 
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Aceording to the A^’^’^-lactone fonmilation of the «dde an active 
hydrogen should be present; Jacobs “• presented evid^ce in favor of su(di 
an active hydrogen, but Elderdeld has now shown that this active hydro- 
gen probably r^ides in the nucleus. The lactone ring of the ^ycosides 
and of the aglucons is readily opened by alkali at moderately elevated 
temperatures, and, on acidification, the reaction is reversed.**® With 
alcoholic alkali, however, an irreversible change occurs with most of the 
genins, and on acidification the so-called isoaglucons are liberated; these 
are saturated and no longer give the typical color reactions. This change 
has now been formulated by Elderfield as leading through the stage of 
the A^’Mactone (X) to the isogenins (XI). Participation of a C14 — OH 
group is necessary for the change, and the formation of an isoaglucon is a 
sensitive test for the presence of such a group. On saponification of the 
isogenin, an equilibrium mixture of lactol and open forms is produced.*®* 
Finally Jacobs *‘* observed in his early work that the aglucons do not 
halogenate on titration with bromine. This is not in accord with a 
A^’'*'-lactone formulation, but is compatible with A^-^-unsaturation. 

The Structure of Strophanthidin 

The genin strophanthidin has been studied more than any other 
agluoon, as it is relatively easy to obtain and is not in demand for 
pharmaceutical preparations. The chemistry of this compound gives a 
good picture of the type of problem that is met in the study of the 
aglucons, but the awkward terminology that has grown up for stro- 
phanthidin and its derivatives (and those of the other genins) is a real 
handicap in understanding the various transformations. 

Isolation. Strophanthidin (XII) is obtained from the glycosides 
present in several varieties of Slrophanthus. From S. kombi, for example, 
a mixture of cymarin and fc-strophanthin-iS, together with uncharac- 
teriaed amorphous glycosides, is obtained. Cymarin may be separated 
from the mixture by dissolving it out with chloroform,*®* and on hydroly- 
sis it yields the aglucon and the sugar cymarose, C7H14O4.**® /s-Stro- 
phanthin-/?, in turn, gives strophanthidin and a disaccharide, C13H24O9, 
composed of cymarose and glucose; glycosidio union with the genin is 
through cymarose.*®* Aside from the unsaturated lactone ring, stro- 
phanthidin possesses a free aldehyde group at Cjo, tertiary hydroxyl 
groups situated at C5 and Ch? and a secondary hy^oxyl group at Ca. 

•» Jwsobi and sadwfield, Oid.. 114. 667 (1936). 

*** Windaua and Henoanns, Ber., 48, 691 (1616). 

*** Jacobs and Gustua, J. BioL CA«m., 74. 811 (1927). 

'®* Jacobs and Hoffmann, ibid., 67, 609 (1926). 

'*' Jacobs and Htdtmann, Hid., 66, 163 (1^6). 
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Hie liactone lUng. On titratioii l^e lumturated laetone ring of 
oonsumes one equivalent alkali, and on catal3rtic 
reduction it ab»)i{}S one mole of hydrogen to form a dihydrogenin.*** 
Hmt the lactone ring contains four carbon atoms is ehorm by the oxi- 
dation of tiianhydrostropbanthidin, which is discussed later. 




XT. etroptanttiUHnte add XVI. a-lK<tropbuittitdiiilc acM xvn. a-IwatropbantUe ida 

(opes form) 

The Ci4 — OH Group. In the change strophanthidin (XII) — ♦ 
knstropbanthidin (XIII) the hydroxyl group involved must be tertiary, 
once the monoanhydrostrophanthidin produced by the action of alco- 
holic hydrochloric acid cannot be isomerized. To meet the requirement 
of iv-mg tertiary as well as 7 or 5 with respect to the aldehyde group of 
the isomerized side £hmn, C14 is the only position that can be considered 
for this hsndroxyl group. 

Some of the products that can be formed from strophanthidin and 
iaoBtrophanthidin by the proper choice of oxidizing agent are of imjmr- 
tAwee in subsequaifcAguments and further illustrate the isomerization 
vmdef oonsideratii j. Hypobromite acts selectively (m the aldehyde 
gmii j^ng of the ladt^ lii^ after saponification, and pa m a n ga n ate will 

BeydeUmcer, tMf., M, 253 (1«22). 
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ozidize the Cio— CHO group without Meeting the side chain if it has 
not been saponified. By the judicious application of these oxidi^g 
agents all the possible carboxylic acids from strophanthidin and iso- 
strophanthidin have been realized.**’* •** The products of the trans- 
formations are shown in structiu'es XII— XVII. Of these o!-iaostrophan- 
thidic (XIV) and a-isostrophanthic (XVII) acids are of greatest impen*- 
tanoe for subsequent consideration. It should be noted that isostro- 
phanthidin and all the products derived from it are capable of existing 
in two forms due to the new center of asymmetry produced at C20 as a 
result of the isomerization. 

Further evidence for the attachment of an hydroxyl group at C14 
comes from the study of dihydrostrophanthidin.*** By the action of 



xr XXI 


alcoholic hydrogen chloride, the dihydrogenin is converted to an anfay- 
drogenin (XVIII) which is unsaturated at Cu : C15. Treatment 
of XVIII with potassium permanganate produces a glycol (XIX), and, 
at the same time, the Cio — CHO is oxidii^d to carboxyl. Further oxi- 
dation with chromic acid opens ring D and converts the C3 — OH to 
carbonyl (structure XX). On catalytic hydrogeuation the carbonyl 
groups at C3 and Cu are both reduced to hydroxyl groups and the 
product is isolated as the lactol of structure XXI. The spontaneous for- 
mation of the lactone indicates a y- or i-lactone. The transformation 

*** Jacobs and CoUins, ibid., M, 491 (1925). 

•*• Jacobs and Elderedd, ibid., 113, 611 (1936). 
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X^ilWrrXXI 18 «S]^cal>le only (m the bads of an bydro^l at C14 in the 
paraat oompound, dibydrostrophantiudin. 

The Cio — CBO Gioup. Reduction of the aldehyde group of odso- 
t!(a>0|diaiithidic add (XIV) to !neth3d by the Wolff-Kishner method gives 
isopmi^ogeiuo add, which, in turn, can be prepared from digitoxig^un.*^^ 
Sbioe the latter, through its correlation with etiocbolanic add, is known 
to have methyl groups at Cio and Cts, the aldehyde group of strophan- 
thidin must be attached at one of these positions, but Cis is eliminated 
by the foQowing considerations: In the production of monoanhydro- 
strophanthidin by the action of alcoholic hydrochloric acid, the einhy- 
dn^nin is isolated as a cyclo-half-acetal. This compound does not 
possess the prr^rerties of an aldehyde or of a secondary alcohol, but on 
hydrolysis these functions are regenerated. As the secondary hydroxyl 
group can be shown to be attached at C3 by other reactions, and as the 
aldehyde group must be in a 7 or 3 relationship to this hydroxyl to form a 
cyclo-ucetal, Cio is the only possible position of attachment. 

The steric relations involved in the formation of the acetal are 
brought out by a similar lactonization that takes place with the 
^isostrophauthidin derivatives.*** When a -isostrophanthidic acid POV) 



is boiled with alkali, it rearranges to | 3 -isostrophanthidic acid in which 
the aldehyde group exists both free and as the lactal in combination 
with the secondary hydroxyl group. On oxidation with permanganate, 
the aldehyde group at Cio is converted to carboxyl, and this acid also 
readily lactonizes. Since the compounds of the a-isostrophauthidin 
smes do not lactonize in this way, a rearrangement must occur in the 
alkaline treatment to bring the aldehyde group and the secondary 
hydroxyl into a da configuraticm with respect to eadi other. Tschesche 
and Bohle *** have suggested for the isomerization to the iS-series that 
the treatment with alkali first splits off the C5 — OH; that the resulting 
unsaturated compound (XXII) then undergoes allyl rearrangement to 
XXIII; and that water finally adds to the double bond to give an 

*** Jam^ XldtiBii^'QiwWr *ad WifnaU. ibid., >1, 617 (1931) ; Jaoobi and Eldetfield 
ibid., 91. 62S (1031). 

»» Jaoofaa and Ouataa, ibid.. T4, 820 (1927). 

•" IMaache and M, 2MS (1938). 
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hydroxyl group at C 3 cis to the Cio— CHO (structure XXIV). Posdhly 
the same kind of transformation occurs in the formation of the ethyl 
acetal of monoanhydrostrophantludin.'*** 

By the action of concentrated hydrochloric acid, the Cio — CHO 
group may be brought into reaction with the Ci* — OH to form the so- 
called pseudostrophanthidin, to which formula XXV has been assigned.**^ 
The structure appeare to be satisfactory, since pseudostroi^aiithidin 
cannot be isomerized, contains a secondary hydroxyl group, and gives 
the reactions to be described later for the C 5 — OH group. The formation 
of such a compound, however, may involve a steric rearrangement, sinee 
spatially strophanthidin appears to resemble epicoprosterol and, there- 
fore, the Cio — CHO and C 14 — OH groups are presumably irons to each 
other (cf. coprostane model, p. 1368). 



The C 3 — OH Group. The first evidence that an hydroxyl group is 
attached at C 3 in the cardiac aglucons, and therefore in strophanthidin, 
was obtained from the study of a derivative of dihydrogitoxigenin (p. 
1445) in which all the tertiary hydroxyl groups had been replaced with 
hydrogen. Vigorous oxidation of this genin derivative cleaved the ring 
bearing a secondary hydroxyl group and gave a dibasic acid. When the 
dibasic acid was subjected to thermal decomposition, a pyroketone was 
obtained. The reaction was carried out by Windaus *•* when the struc- 
ture of cholesterol was still unknown, and at that time the formation of a 
pyroketone could not be correctly interpreted. Windaus recognized 
that the parallel behavior of this diacid and the one formed by similar 
treatment of cholesterol indicated a correspondence of structure. 

The definite placement of a secondary hydroxyl group in strophan- 
thidin at C 3 was later made by a series of reactions analogous to those 
used in locating the C 3 — OH of cholesterol. With o-isostrophanthic 
dimethyl ester (XXVI) as a starting point, cold chromic acid oxidation 
^ves the correspcmding ketone, o-isoetrophanthonic dimethyl ester 
(XXVII). The latter readily loses water to give the unsaturated ketcme 
(XXVIII), which, when treated with ozone, is cleaved in ring A to form 

•»> Cf. Elderfield, Chem. Bet., 17, 22» (1936). 

Jooobi and CollinB, J. Biol. CKtm., M, 128 (1925). 

Windaua, Waatphal, and Stain, Bar., n, 1847 (1928). 
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im4e|^umt}io&tmcid dimethyl ester (XXIX).*” On treatment with 
weak alkali, this keto add (XXDQ suffers |3-ketoae decompoddon and 
is ccmverted to duodephanthondiadd (XXX), and hy the action of 
acetic anhydride-acetyl chloride, the thadd is transformed to an unsatu- 
lated lactone (XXXI),*** whidi may be catalytically reduced to the 
saturated dephanthanic add (XXXII). Barbier-Wieland degradation 
oi dephanthanic add converts it with the loss of four carbon atoms to 
dephanthic add; *•• three of these carbon atoms come from the C 17 side 
chain; the fourth is formed by shortening the fragment of ring A. These 
reactions show that a sequence, — CH 2 — CHOH — CH 2 — , is present in 
one of the rings and terminates at a tertiary carbon. This sequence can 
be accommodated only in ring A, and the requirement of termination in a 
tertiary carbon atom places the hydroxyl group definitely at C 3 . 

^ce strophanthidin does not give an insoluble digitonide, the 
Cs — OH group is probably in an a-configuration with respect to the 
Cio — CHO.*** The evidence is inconclusive, however, since cholestane- 
triol (3,5,6-trihydroxy), in which the C 3 — OH is presxunably d to the 
Cio — CHg, fmls to pve an insoluble digitonide. 

The Cs — OH Group. As mentioned above, the dehydration of 
o-isostrophanthonic add (XXVII) proceeds with great ease. Because 
such dehydrations are typical of d-hydroxyketones, a tertiary hydroxyl 
group is placed at Cs, for only at this position can an hydroxyl group be 
both d to Cj and tertiary. The Cs — OH group is probably cis to the 
Cio — CHO. This is shown by the following evidence from the work of 
Jacobs and Elderfield; When dihydrostrophanthidin is treated with 
hydrogen cyanide, the Cio — CHO is converted via a cyanohydrin to two 
isomeric o-hydroxy adds. Both these acids readily form lactones 
(so-called homolactones) through interaction with the Cs — OH. The 
involvement of this hydroxyl group in the formation of homolactones is 
diown by the fact that anhydrostrophantbidin gives similar reactions, 
and that the lactones can be converted to ketones (OH at C 3 ) or formed 
aft^ protection of the C 3 — OH by benzoylation. Tsehesche ”* has 
pointed out that this ease lactone formation indicates a cis relation- 
diip between the Cs — OH and the Cio — CHO. (C/. Alder-Stein rule, 
p. 1376.) 

The Anhydxostropbanthidins. Dehydration of monoanhydrostro- 
phantbidin to dianhydroetrophanthidin is effected by heating the ace- 
tal anhydrostrc^hanthidin with alcoholic hydrogen chloride. The 

Jacob! and CMoa, /. BM. Chem., 7fl, 639 (1928) . 

»• Jacob* and dbCtas, ibid., M, 323 (1931). 

*>* Jacc^ and Etdeiddd, ibid., lOB. 237 (1933). 

”* Taohewibe and Boble, Bar., M, 2262 (1»6). 

•” Jacdo* and Eadecfial4 /. BM. Cfccm., lU. 626 (1936). 
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pbeKiefc obtuBfid is the eihyl bnoiaoetal cS diaDhydrostrophaathidin 
(XXXTV), formed by the loss of the Cj — OH. When diaiAydroetro- 
phanthidin is treated ivith concentrated aqueous hydrochloric acid, 
another molecule of water is lost with the formation of trianhydrostro- 
j^ianthidin (XXXV) With the exception of the double bond of 
the lactone ring, the trianhydrogenin shows none of the properties of an 
unsaturated compound and, when oxidized with fuming nitric acid, 
yields 1,2,3,4-benzenetetracarboxylic acid.”* The production of this 
tetracarboxylic acid is explicable if, in the formation of trianhydro- 
strophanthidin, the Cio — CHO wanders to Ci with a simultaneous shift 
of bonds to produce aromatization of ring B. Fieser has suggested 
that the reaction may be explained by an enlargement of ring A to a 
seven-membered ring, rather than a shift of the aldehyde group. There 
is some question as to whether this change takes place in the production 
of trianhydrostrophanthidin or whether it has already occurred in the 
formation of the dianhydrogenin.**® The lactone ring of strophanthidin 
is, in general, quite reastant to oridizing agents. In trianhydrostro- 
{hanthidin, however, the ring is easOy oxidized away to give the acid of 
thegprobable structure XXXVI.”* 


8trophan{hi(£n l,2,3,^BeDzenetetracatbozyBo add 

I aicoboUc iHSOb 

HCl I ^ 



In the previous discussion the nuclear double bond in monoanhydro* 
strophanthidin has been assigned to Cu : Cig. This is apparently true 
for alkalind media, but in certain reactions in add or neutral media there 
is evidence that ^e double bond shifts to Cg : Cu {<f. a-stenols and 
i^todiolio add). In dianhydrostrophanthidin there is another anomaly. 
Wbm the lactone dde ohdn ^ monoanhydiostrophsntbidin is saponi- 

Taekeai^ aad Z. jAvncl. Chem., tM, 233 (1934). 

*** Fieter, "Tba Gb^aiktrjr of Natural Frodueta Bdated to Ph a nant h r ene,” Betuh^ 
FnbtMrim K««r ITork (1937), p. 274. 

”0 ElidMSd4 Am.. t7, 226 (1936) . 

”* rad Ourtua /. SM. Ch»m^ T4. SOS (1927). 
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fied, the ald^ydo aeid obtained doea not relaotoniae.** .^ipaiently 
this is due to a rearrangement of the lactone double bond into ring D to 
form a conjugated system C14 : Cis-Cis : C17. The double bonds of 
monoanhydro- and dimihydro-strophmithidin can be preferentially hy- 
drogenated; as in certain of the sterols, the nuclear double bonds are 
hydrogenated more easily than the double bond of the side chain.*” 

The stereochemistry of these anhydrostrophanthidins and certain 
other imexplained products such as the 7 - and (-strophanthidin series 
is a problem of the future. 

Interrelationship of the Aglucons 

Through conversion to mutually common compounds the aglucons 
have been correlated with each other, and, by various special methods, 
the individual characteristics of the genins have been ascertained. Brief 
summaries of the work leading to the currently accepted structures 
follow, 

Per^tlogenin. As cited earlier (p. 1438), isoperiplogenic acid may 
be formed by reduction of the Cio — CHO of a-isostrophanthidic acid 
PQV) to Cio — CHa. Periplogenin is, therefore, a desoxostrophanthidin. 

Digitoxigenin.”* Oxidation with chromic acid of the methyl ester 
of isoperiplogenic acid converts it to a ketonic ester (carbonyl at C3), 
which readily loses water (Cs — OH) to form an anhydro ketone. On hy- 
drogenation of the anhydro compound, a mixture of stereoisomeric 
dihydro compounds is obtained; one of these (isodigitoxigonic ester) is 
identical with an ester formed from diptoxigenin. The two hydroxyl 
groups of digitoxigenin must be attached at C3 and C14. Digitoxigenin 
does not form an insoluble digitonide, and the C3 — OH must be in an 
o-conhguration. The degradation of digitoxigenin to etiocbolanic acid 
via 7 -digitoxanol diacid (p. 1432) shows that the relation of rings A/B 
is CIS. 

Adynerigenin.”* The aglucon adynerigenin is hydroxylated at 
Cs and C 14 and ai^>ears to be unsaturated in the ring ^tem at Cs : Cg. 
This nuclear double bond is resistant to hydrogenation, but, like isode- 
hydrocholesterol (p. 1386), both the genin and the monoanhydrogenin 
can be hydrogenated in the presence of hydrochloric acid. The hydro- 
genation product is identical with the saturated lactone from di^togenin. 
The Cs-^H group of adynerigenin has the «-configuration, since 
the genin does not form an insoluble digitonide. 

Mi uid ElderfieU, tbid., 108, 693 (193£). 

Mi Jaeofas and Etderdeld. M. 313 (1931). 

M4 Keumaim, Ber., 70, 1547 (1937) ; TacbMche and Bohle. Btr^ Tl, 6S4 (1938) 
TlcbMohe, Bohle, and Neumann, Ber., 71, 1927 (1938). 
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Whffli thevetin is h3fdrolyzed witJi hydrochloric a«ad, 
tiro molecules oi ^ucoee and one of water are split off to give monoanhy- 
droprothevetigenin, a partially desugared product which probably 
ecmtains di^talose. The hydroxyl group lost in the hydrolysis is 
presumably attadied at C14, since potassium hydroxide isomerizes the 
giytmde but not the hydrolytic product. After the partially desugared 
genin is saturated to a tetrahydro compound, it may be completely 
hsrdrolyzed. The resulting tetrahydroanhydrothevetigenin is converted 
by earful oxidation with chronuc acid into tetrahydroanhydrodigitoxi- 
genone, thus placing the second hydroxyl group at C3. The C3 — OH 
group must have a / 3 -oonfiguration, since anhydrothevetigenin forms an 
inroluble digitonide. 

Uzarigenin. The aglucon uzarigenin (II) has been isolated only as 
ai- and a2*monoanhydrouzarigenins. The position of the hydroxyl group 
lost in the dehydration is uncertain. Tschesche at first placed this 
tertiary hydroxyl group at C5 and later transferred it to Cu, because 
treatment of uzarin with alkali produced a change which seemed to be 
antdogous to the isomerization of the other aglucons. Ruzicka •“ has 
questioned this analogy and favors attachment at C5 of the tertiary 
hydroxyl group lost in the dehydration. In line with this, the physio- 
logical properties of uzarin are quite different from those of the other 
glycosides. A second hydroxyl group has been placed at C3, since the 
monoanhydrouzarigenins form insoluble digitonides. 

Digozigenin.’^^ Although the aglucon digoxigenin contains two 
secondary and one tertiary hydroxyl (C14) groups, the diketone resulting 
from oxidation of the genin gives mono derivatives with ketone reagents. 
The inertness of this one carbonyl group at first was difiScult to explain 
mid led, in conjunction with other reactions, to the assumption of an 
hydroxyl group at Cn. Mason and Hoehn,®“ however, have degraded 
digoxigenin and desoxycholic acid to identical diketocholanic acids, and 
therefore the two hydroxyl groups which ^ve rise to keto groups are 
placed at C3 and at C12. The hydroxyl group at C3 has an a-configurar 
tion, while that at Cw may be epimeric to the C12 — OH group of desoxy- 
cholic add. 

Gitozigeiiin. The aglucon ^toxigenin (XLI) possesses one tertiary 
(C14) and two secondary hydroxyl groups. One of these secondary 
groufM is attached at Cs, and the other has been placed at Cie. This 
second hydroxyl group enters into reactions with the unsaturated lao- 
t<me dde diain, so that alkaline isomerization of this genin is somewhat 

W Bdatfidd, J. Bid. Chem., IM, 247 (1936) ; TBohMohe, Rer., «», 2368 (1936). 

** Saiith, J.Chem. Soc., 608 (1980) ; 23 (1931) ; 1060, 1306 (1936) ; 364 (1936) ; Taohesebe 
avd BoidB, Ber., M, 798 (1938); Mains asd Hoehn, J, Am. Chem. 3oe., M, 2024 (1938). 
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different from lie normal.**’ The isogenin (XXXVII), formed by treat- 
ment -with alkali, is unusually stable, and the lactone of the oxidation 
product, isogitoxigenic acid, is relatively resistant to hydrolysis. If 
gitoxigenin is oxidized with chromic add to diketo^tox^enin, the prod- 
uct does not give a positive Legal reaction. This is probably due to 
a spontaneous formation of an isogenone through interaction with the 
Ci 4 — OH. The mechanism of the reaction may be a shift of the double 
bond of the lactone dde chain into conjugation with the carbonyl double 
bond at Cig. The probable structure of the isogenone is shown in foi^ 
mula XXXVIII. 

On hydrogenation, gitoxigenin is converted into two isomeric a- and 
/^-dihydrogenins.*** Both these dihydrogitoxigenins undergo mutaro- 




XXXVII4 

IsogitoKiireiiln 


sxxvnL 

jtaoffltoxlffenone 


CH 2 OH 
CH— CHj 
0 (X) 


a*IUti}rdrogitoxlffenio (dextro) ^.DUi7cirogitoxlr«nla(IeTO) 

tation, probably through a rearrangement involving the lactone group. 
Structures XXXIX and XL represent the probable configurations of 
these two dihydrogitoxigenins. As is evident from these structures, in 
the /5-form lactomzation has occurred on the secondary hydroxyl group 
at Cifl. On o xidizing the a-dihydrogenin, a dihydrogitoxigenone is 
obtained. This ketone is easily dehydrated, as would be expected of a 
compound in which the tertiary hydroxyl group is in a jS-position with 
respect to the carbonyl group. 

Gitoxigenin (XLI) has been correlated with di^toxigenin by the 
following reactions : *** After isomerization the iso^toxigenin was sapon- 

•*’ Jacobs and Oustua, J. Biol. Chem.. 7», 663 (1928) ; 81, 403 (1928) ; 88, 531 (1030). 
*** Jacobs and Eldorfield, Md., 100, 671 (1933). Cf. Windaus »i oL, rciferaioe 

Jacobs and Oustus, J. Biol. Chem., 86, 190 (1630). Cf. Windaua and Fieese, Ber. 
88, 2503 (1925), and earlier papers. 
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iSed«iul (Bodiied to isoptoidgenie acid (XLII), which diffos from the 
usual isogenic acids in that lactcmiaation takes place with the Cig — OH. 
Ihe Ct4 — OH was oooTerted to a chloride, and the chloro acid tnms- 
fonned to an unsaturated acid (XLIII) by splitting out hydrogen 
chloride. On catalytic hydrogenation the lactone rmg was opened, the 
Cie — OH group replaced, and the double bond saturated. The resulting 
acid was the di^toxanoldiadd (XLIV) previously mentioned (p. 1432 ). 

Oleandrin is an acetyl glycoside of ptoxigenin.“® Hydrolysis of 
deandrin with add pves the sugar oleandrose, C7H14O4 (a methyl ether 
of a methyidesoxypentose), and the genin oleandrigenin, CsfHssOfl. 
Alkaline hydrolysis converts oleandrigenin to gitorigenin and acetic 
add In oleandrin and oleandrigenin, ^toxigenin is acetylated at Cie- 




Sarmentogenin.”’ There are three nuclear hydroxyl groups in sar- 
mentogenin, two of which have been placed at C3 and Cj4. The third 
hydroxyl group has been assigned either to Cn or to C12 by the follow- 
ing condderations: Hydrolysis of the glycoside sarmentin with alco- 
holic hydrochloric add eliminates the C14 — OH to produce a-tetra- 
hydroanhydrosarmcntogenin. From the latter, a diketone is obtained 
on oxidaticm, and one of the two carbonyl groups of this diketone is 
unreactive toward ketone reagents. This is t^cal of a carbonyl group 

•“Nemnaan, Ber., 79, 1647 (1937) ; Tfchewhe. Ber., 79 , 1664 (1937). 

*** TidwMlw and BoU«, Ber., 99, 2497 (1936) ; Maaoa and Boebn, /. Am. Chem. Soe, 
99, 2004 (1939),’ e^. JaoObi sad Hofimaan, /. Bid. Chem., 79, 631 (1928); Tadtaacha 
£a-..M,4SS (1985). 
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at Cii or Ci 2 , as has been shown from the study of digoxigenin, of certain 
of the dehydrocholic adds,*” and of tiie adrenal substances (p. 1610).* 

Genins of Uncertain Structure. The glycodde neriantin is obtained 
in traces from the reddues of the commerdal manufacture of oleandrin. 
Because of the small amotmt available for study, only a cursory examina* 
lion of neriantigenin *** has been possible. The genin appears to have the 
typical C3 — OH group, a secondary hydroxyl group elsewhere in the 
nucleus, and a nudear double bond that can be catalytically reduced. 
Convallatozigenin,*^* from the 'glycoside found in the lily-of-the-valley, 
is likewise unsaturated in the nucleus, presumably at C9 : Cn. In addi- 
tion to hydroxyl groups at C3 and C14, it appears to have two tertiary 
hydroxyl groups at Cg and Cg, respectively. The two glycosides, 
/ 9 -antiarin and ouabain, have the sugars so firmly attached that hydrolysis 
gives anhydrogenins in each case. Antiarigenin *“ may be an hydrox- 
ylated strophanthidin. Ouabagenin appears to have two unplaced 
hydroxyl groups in addition to those assumed to be at C3 and Ci*. On 
acetolysis, anhydroouabagenin loses formaldehyde with the formation of 
a benzenoid ring in the nucleus. To explain this a Cio — CHgOH group 
has been postulated. 

In addition to these genins that are derivatives of the type formula I, 
there is an aglucon, digigenin,**’ C21H28O4, which does not fit this 
formulation. Digigenin and the sugar di^ose are obtained by hydrolys- 
ing diginin, a glycoside from digitalis •purpurea. As the glycoside is with- 
out physiological activity, and as the genin does not contain the lactone 
ring, it is questionable whether they should be regarded as members of 
this group. 

*** Lonprell and Wintenteiner, J. Am, Chem. Soe., 6S, 200 (1940) ; ef. Marker and 
Lawson, Md.. 60, 1334 (1938). 

* In 1936, from a study of the corresponding products from digoxigenin and from 
sarmentogenin, Tschesche (see reference 351) concluded that both were hydroxylated at 
Cii, and that they differed in the sterio configuration of rmgs B/C. To digoxigenin was 
assigned the normal tram configuration, and to sarmentogenin the abnormal ci» configura.- 
tion of these rings. Such an argument is no longer necessary to explain the faots, although 
future work may show it to be valid. 

Tschesche, Bohle, and Neumann, Ber., 71, 1927 (1938). 
r Jacobs and Bigelow, J. Biol. Chem., W, 647 (1932) ; 101, 15 (1933) ; Fieeer and 
Newman, ibid., lU, 706 (1936) ; Tscheecbe, Ber., 70, 43 (1937). 

•WKiliani, Ber., 43, 3574 (1910); 46 , 667, 2179 (1913); Tschesche and Haupt, Ber., 
U, 1377 (1036). 

*** Karrer, HOo. Chim. Aria, IX. 506 (1929) ; Tsehesche and Haupt, Ber., 69, 456 (1036) ; 
Fieaer and Newman, J. BM. Chem., 114 , 706 (1036) ; Tschesche and Haupt, Ber., 70, 43 
(1937) ; Chakravorty and Wallis, J, Am. Chem. Soe., 60 , 1379 (1988) ; Marker and Bhabica, 
iWd., € 4 , 720 (1042). 

Karrer, FeiUelaifl SmU C. BarreQ, Basel (1036). p. 238 [C. it.. 31, 2347 (1937)]; 
Shoppse and B«i«hstiein, Hetn, Ckim. Acta, XS, 076 (1040). 
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The Squill Agtacoa 

llie glyeoeodes sdlkren A (XLV) and B have been isolated from 
the bulbs of the squill {SciUa maritima) by Stoll,*®* but only the former 
has been obtamed in pore form. Scillaren A on catalytic hydrogenation 
18 reduced to a hexahydrodesoxy add which on treatment with meth- 
anolic hydrogen chloride is desugared and dehydrated to a mono- 
unaaturated product. Catalytic hydrogenation of the latter in a neutral 
medium ^ves 3(j3)-hydroxyaHochoIamc acid. The formation of this 
add shows clearly that the lactone ring of scillaren A is six-membered 
and that a 303)-hydroxyl group is present. Assignment of unsaturation 

—o—co 

I 

-CH—CH 


XLV. 8clU»reii A XlVl. ScHtortOln A 

(proTlaiooal) (provlslonAl) 




to C 5 is provisional, however. Although catalytic hydrogenation of the 
genin leads to an alio structure, enzymatic followed by acid hydrolysis 
gives first proscillaridin A and glucose, and then, with loss of rhamnose 
and water, scillaridin A (XL VI). The formulation of the latter is pro- 
ddonal dnce its absorption spectrum shows a maximum at 290-300 
rather than three maxima corr^ponding to those of A*'®-cholestadiene 



(p. 139S). The tertiary hydroxyl group of sdllaren A is assigned to C 14 
as in the other aglucons. When scillaridin A is treated witlTmethanolic 
potassium hydroxide the lactone ring is opened with the formation of 
an ester, provisionally formulated as XLVII, rather than a potassium 
adt. This ester readily loses water to form a derivative (XLVIII) of 
isDBdllari(hn A. Sdllaren A and its derivatives do not give Legal’s test. 

®**Btcia « Hi., Z. Pkvnd. Chan,, m, 24 (1S33) ; Bdn. Ckhn. Acta, 17, 641. 1334 Cie34)' 
IS. 8S. 120, 401, 644, U47 (1986);M, 1880 (1041). 
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The Toad Poisons 

Venom secreted in the parotid gland of toads is a complicated 
mixture consisting of several conjugated and free genins. Other sub- 
stances present include epinephrine,**’ bufotenidine and related tryp- 
tamines,**® sterols,*** fats, etc.* The toad poisons proper are suberyl- 
arginine derivatives of the genins. The nature of the genins, or bufagins, 
as they are called, varies with the species, and they may be differentiated 
by means of a prefix indicating the toad from which they are isolated.*® 
As a result of enzyme action, hydrolysis of the venom to the free genins 
occurs in the toad secretion, but with acid hydroly^ dehydration takes 
place and only anhydrogenins are obtained. The bufagins are polyhy- 
droxy or acetylated hydroxy lactones, containing 23 or 24 carbon atoms, 
and are more closely allied with scillaridin A than with the other aglu- 
cons. Many of them give a positive Liebermann test, and none gives 
Legal’s test. 

Marinobufagin (or bufagin), C24H34O5, m.p. 213 °, from the 
toad Bufo marimis, was the first genin to be isolated,**® but bufotalin, 
C24H3406(CH3C0), m.p. 148 °, from the common European toad, Bufo 
vulgaris, has been studied more extensively.*** From Ch’an Su, or senao, 
the dried secretion of the Chinese toad {Bufo gargarizans), cinobufagin, 
C24H3206(CH3C0), m.p. 223 °, together with other bufagins, has been 
obtained.*** 

The toad poisons are known to be steroids through the isolation of 
Diels’ hydrocarbon from the products of selenium dehydrogenation of 
pseudobufotalin,*** of cinobufagin,*** and of marinobufagin.*** On the 
other hand, only impure chrysene has been obtained by selenium dehy- 

“• Jensen and Chen, J. Biol. Chan., SS. 397 (1929); 8 T, 741 (1930); Deulofeu, 
Z. phytiol. Chem., 237, 171 (1933). 

’** Wieland, Konz, and Mittaach, Ann., 613 , 1 (1934). 

Chen, Jensen, and Chen, Proc. Soe. Exjjd. £io(. Med., 29, 905 (1932) ; HOttel and 
Behrinxer, Z. phyaioL Chem., 246 , 176 (1937), 

* Cholesterol and 7 -sitosterol are the sterols that have been identified in toad poisons, 
bat ergosterol may be present also. It is remarkable that a plant sterol should be found 
in a secretion of a member of the animal kingdom. 

Chen and Chen, J. Pharmacol., 49 , 861 (1933). 

*" Abel and Maoht, ibid., 3, 319 (1911) ; Jensen and Evans, Jr., J. Biol. Chem., 104, 
307 (1934) ; J. Am. Chem. 3oc., 69 , 767 (1937). 

*** Wieland, Hesse, and Huttel, Ann., 624 , 203 (1936). In this reference a good method 
of isolating the toad poisons is given. 

*** Kondo and Ikatra, J. Pharm. Soc. Japan, 63 , 2 (1933) [CAsm. Zenit., (II) 2558 
(1933)1; Tschesohe and Offe, Bsr., 68 , 1998 (1936); Jensen, J. Am. Chem. Soc., 67 , 2733 
(1935) : Tsohesehe and Offe, Bsr., 69 , 2361 (1936) : Kotake and Kuwada, Set. Papert Phyt. 
Chem. Reteareh, (Tokyo), 36 , 106 (1939) [C. A., 83 , 7304 (1939)] ; Hondo and Ohm>, 
J. Pharm. Soe. Japan, 69 , 186 (1939) \Chem. Zentr., (1) 1997 (1940)]. 

"• Ikawa, J. Pharm. Soe. Japan, 66, 748 (1935) IC. A., 29, 7341 (1936)]. 
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Tkofoxmiit!ba<d^tdsbydtoetabondoeBa.Qt 
bxvsMate tibe argument, ^oe it Is also produced from otiier members of 
^ group. Tbese d^pradations are supported by x^y measurements on 
Inifagm, which show that molecule is comparable to that of the 
Btoob.*" 

Most of the structural details of the bufagins have been suggested 
by WieUnd and by Tschesche.** The genins and a number of the 
tram^oimation products absorb light at 290-300 m/i and react with 
methanolio potasEdum hydroxide to form esters in the same way as 
soillaiidin A. The two investigators have independently concluded that 
the lactone side chain is the same in the bufa^ns as in scillaridin A. 
An especially convindng argument is the similarity of the absorption 
curves tiie bufagins and of the simple molecule, cumalinic acid 
(XLIX).*** In accord with this formulation of the lactone side chain, 
oacmization of the bufagins gives glyoxylic and formic acids.*** ^ 


HOiC— C— CH=CH 

ll I 

HC — 0 — C=-0 

TT.TX. CuEulislio Mid 


O-v. 


Bufotalin. Wieland*** has scj^ested structure L (<» La) for bufo- 
talin. This bufagin contains a secondary hydroxyl, a tertiary hydroxyl, 
and a tertiary aoetoxy group. The tertiary hydroxyl and acetoxy 
poups are easily spht off by cold hydrochloric acid to give the quad- 
ruply unsaturated bufotalien (LI or Lla). Since bufotalone, the ketone 
from bufotalin, is isomerized when treated at 0® with dilute alkali, the 
tertiary hydroxyl group removed in the acid treatment is probably at- 
tached at Ci 4 . The tertiary acetoxy group must be attached at Co or Cb, 
because the absorption spectrum of bufotalien (max. 290-300 nut) does 
not indicate a conjugated system in the ring, and attachment at Cg 
would lead to such a system. The secondary hydroxyl group is placed at 
Q, as in the sterols. 

Bufotalien is obtained when bufotdxin is hydrolyzed with hydro- 
chloric acid. Wieland has su^sested that the suberylarginme group is 
attached at tbe Cit — OH in tbe toxin, but the nmde of linkage to the 
nitrogenous mc^y is uncertain. On catalytic reduction of acetylbufo- 
tafien two products result: acetylbufotalan and a by-product, an 
' ace^cholanic add farmed by reduction and fission of the lactone side 
obtain. When tiiis aeetyloholanic add is converted to a cholanic add, 

'mdaad and Beaie, Ann., Kf, 22 a»6). 
"•aowM,J.Sim.OhnmJnd.,H,B68CL1>U). 



THKBTEBOtDB 

igobufocholauic add, m.p. 179", talp-V- 80.5°, « 

Bcy d \ibe cbolamc adds (Table II). 



Cinobufagin. The work of Tschesche *“ indicated the prraence of 
hydroxyl groups at C3 and C14, and of a six-membered lactone ring in 
dnobufagin (LII). An acetoxy group and a nuclear double bond were 
unplaced. Kuwada has asdgned the acetoxy group to C12 and the 

o-co 


UL Clnobnfacla 
(proTUtoiul} 

nuclear double bond to Cg : Cg. A series of transformations designed to 
establish these details was unsuccessful, however, and formula LII must 
be regarded as provisional- 

Widand, Eease, and Meyer, .Ann., 49S, 273 (1932). For earlier work lee Wieland 
and Weil, Ber., 46, 3315 (1913) ; Wieland and Alisa, Ber., H, 1789 (1922). 

Kuwada and Kotake, Sei- Pap«n Pkgi. Chtm. Reaeardi (Toibyo), IS, 419 (1939) 
[C. A., M, 6861 (1939)1 ; Kuwada, J. Ckew. Soc. /opan, 69, 45 (1939) [C. A.., S4, 1031 (1940)1. 
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. Ofliar TtMd Poisons. In all, some twelve bufagins have been iao- 
isted. Ihe most important are gamabufagin, m.p. 213°, 

from the dried skins of the Japanese toad; arenobufagin, C^HaiOe- 
(CH 3 CO), m.p. 220°, from the Argentine toad; and regularobufagin, 
CaaHsiOaCCHsCX)), m.p. 236°, from the South African toad.*” The 
physical constants of these bufagins and of the poisons have been tabu- 
lated by Dane and by Schoppee."* 

Structure and Physiological Action * 

The effect on the diseased heart and the emetic action are the impor- 
tant physiological properties of the cardiac principles. Their structure 
and activity can be correlated in a general way. The potency of the 
cardiac principles is dependent on the presence, and on the sterie posi- 
tion, of the unsatiu’ated lactone ring; on the presence of the sugar or 
nitrogenous moiety; on the presence of an hydroxyl group at Ci 4 ; and 
on the absence of nuclear unsaturation at Cg : C 9 . The potency is 
modified by the spatial configuration of rings A/B, and by the nature 
of the sugar moiety. It is little affected by the sterie position of the 
C 3 — OH group. 

The Heart Action. The cardiotonic properties of the drugs are due to 
a direct action on the heart muscle. The response obtained with healthy 
tissue differs somewhat from that with diseased, so that animal experi- 
mentation is not directly comparable with clinical experience. Experi- 
mentally, the physiological potency is determined by injecting an 
aqueous-alcoholic solution of the glycoside into the blood stream of cats 
(Hatcher-Brody method), or an aqueous solution into the Ijunph sac of 
frogs. The smallest amount of substance necessary to produce systolic 
standstill of the heart is determined, and the so-called minimum lethal 
dcBe (M.L.D.) calculated. In Table VI physiological data on a number 
of the pure glycosides and on bufotalin are given. 

From the data of Table VI it is evident that the carbon content of the 
unsaturated lactone ring does not markedly affect the potency. Reduc- 
tion of the lactone ring, in the cardiac glycosides that have been exam- 
ined, reduces the potency over a hundredfold,*” and isomerization by 
enzymes or by allmli, likewise destroys the potency.*^* The Ci 4 — OH 

Widand and Vodie, Ann., 4B1, 215 (1930) ; Kondo and Obno, reference 365. 

*” Jensen, J. Am. Ch^. Soe., B7, 1765 (1935). The earlier literature is cited in this 
IpabUcsUon. 

Pane, TaHrulM Bidagieoe Periodicat, 8, 204 (1933). 

e^Scdioppee, Ann. Sev. Bioehem., 11, 103 (1042). 

* Books on iduunutoology: Cudmjr, “Digitalis and Its AUiea,’’ longmans, Green & 
Co... Lnukn (1925); Weese, Thieme, Leiprie (1936). 

*”Jaeobi^ Phvtiol. Btt., U, 222 (1988). 

f* JlMwlM, /. Bid. Chem., 88, 519 (1930) ; Lamb and Smith, J. Chem. Boc., 422 (1936). 
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TABLE VI 

PhtsioiiOOIcal Potency of the Cardiac Principles * 
(Expressed in milligrams per kilogram of cat, or milligram per gram of frog) 


1 


Frog Minimal 

Minimal 

Drug 

Cat Units 

Systolic 

Emetic 



Dose 

Dose in Cats 


Four-Carbon Lactone Ring 


Convalla toxin 

0.08 

0.00021 

0.060 

/3-Antiarin 

0.10 

0.00039 

0.040 

Ouabain 

0.12 

0.00050 

0.060 

o-Antiarin 

0.13 

0.00050 

0.06 

Cymarin 

0.13 

0.00060 

0.080 

Periplocymarin 

0.15 

0.00318 

0.080 

Oleandrin 

0.20 

0.00127 

0.040 

Digoxin 

0.22 

0.00250 

0.075 

Digitoxin 

0.33 

0.00800 

0.150 

Thevetin 

0.92 

0.00450 

0.225 

Utarin 

6.08 

1.50000 

0.360 


Five-Carbon Lactone Ring 


Bufotalin 

0.13 

0.00917 

0.05 

Scillaren A 

0.15 

1 0.00070 

0.100 


* Data from Chen and co-worker 0 , / Am. i’/uirm. aImoc.* 679 (1936); 214 (1937); ST, 113 

(1938). 


is assumed to play an important role in the production of heart action, 
since neriantin is devoid of cardiotonic properties, and its genin is thought 
to lack an hydroxyl group at Ci4.*“ Similarly adynerin is without cardio- 
tonic properties, and, as adynerigehin differs from the active dihydric 
agjdcones by the presence of a double bond at Cs : Cg, it is reasoned that 
such nuclear unsaturation destroys potency.®** From the values for the 
three glycosides, digitoxin, thevitin, and uzarin, it is probable that a cts 
configuration of rings A/B is essential for high potency. The genin of 
uzarin apparently has a trans configuration of rings A/B, and its potency 
is far lower than that of digoxin and of thevetin in which rings A/B are 
cts. The small effect of epimerization of the C3 — OH is brought out by 
comparison of digitoxin with thevetin. Digitoxin with an ot-oonfiguration 



onoAsnc caiaiiBTBY 


f 

%m 

ol group is more pot^t in the cat test, mid less potent in the frog 
test, then thevetin, ediich has a /3-oon£guration.* 

Hke sugar mdiety affects the absorbability of the i^yooddes from the 
intestane and detonninea the duration of the action. Those ^ycosides 
timt are eacdly desugared in vitro are generally not satisfactory for medici- 
nal use. 

Hie Emetic Actkm. The minimum amount of glyoc^de or poison 
per tdlc^ram of cat necessary to produce vomiting when given intra- 
venously is called the emetic dose. It is uncertain how the dru^ pro- 
duce this response, but the action does not take place on the vomiting 
center of the brain, t As the data of Table VI show, the correlation 
between cardiatonic potency and the emetic dose is poor, although qual- 
itatively the order of the drugs in the two effects is nearly the same. 

THE DIGITALIS SAPOGEinSS 

The saponins are a group of glycosides with the ability to produce 
stalmle foams when thtir aqueous solutions are shaken. Th6 cardiac gly- 
ooades also produce foams and are saponins, but, because of their 
characteristic heart action, they are treated as a separate class. The 
siqxnuDs occurring with the cardiac glycosides of the digitalis group are 
differentiated from the others by he designation ' ‘the digitalis saponins. ’ ’ t 
This separation is chemically correct, for the digitalis saponins contain 
the cyclopentanoperhydrophenanthrene nucleus and yield Diels’ hydro- 
carbon vdisn. dehydrogenated with selenium, wheieas most of the other 
ai^nina are built up on some other ring system and yield 1 ,2,7-trimethyl- 
naphthalene (sapotalene) when dehydrogenated.’’^ 

like the cardiac glycosides the digitalis saponins taste bitter and are 
irritating to the mucous membranes. Given intravenously they are 
poisonous, but taken orally they are non-toxic, probably because they 
are not absorbed in the intestine. The poisonous properties of these 

* Osta rqmiad in 1941 Bupidansnt tbeae atstementn. Chen and Eldeit£eld, /. Phar- 
•fMBOZ., TO, 33S (1040), zvport strophanUudin one-fiftfa as active in oats and one-third as 
Mtivs in feoai as eymatia; this diows the decrease in potency due to removal of the sugar 
lasyoe. In addition, « Inree number of rtMphanthidin derivatives were examined and 
footid to be nearly inactive. DeOraff, Faff, and Lehmann, ibid., TS, 211 (1941), have 
etiuEed the effect of fifteen cardiac glycosides and genins on the embryonic chick heart. 

' Tbie vnxlc sbo«a that a variation in the eubetituente on the nuclaua causes profound 
diaagiMinaotivity; that attachment of deeoxy soganattheCs— OHgroup gyeatiy enhances 
the iwtivity of the genine ; and that attadhment of glucoee, in addition to the desoxy sugaia, 
laually de we ae ee the potency. 

t For amitieat ititoasBion see Weese, "Dlgitalia," Thieme, Lripsig (1986). 
j For dist ributio n olthe ei^vcine see Kofler, "Die Baponine," Springer, Vienna (1927). 

Cf. Haworth, Atm. Cktm. Soo. (London), S4. 327 (1B37) ; Jaoobe and Eld«r- 
field, Am. Hat. Biscton,. T, 44S (1^). 
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l^ycomdes are m<He inonounced toward lower forms aaimal life than 
higher. For tius reason crude extracts of the saponins have been used 
primitive peoples to catch fish. The extracts are poured into streams 
and the fish are either stunned or killed by the glycoade. Since the 
saponins are not harmful when taken intem^y, fish tdHed in tiius way 
are edible. One of the most interesting characteristics of the saponins is 
their ability to hemolyze red blood corpuscles in very low concentration. 
The dilution (or index) for these various physiolo^cal effects is of the 
same order of magnitude; the dilutions for di^tonin are given below: 

Taste index*" 1:380,000 Pish index*" ®’ 1:200,000 

Eye index *"• »" 1 : 230,000 Hemolytic index 1 : 168,000 

The di^talis saponins form solid molecular compounds with the 
higher alcohols, the phenols, and the thiophenols.*** The addition com- 
pounds formed with digjtonin have been studied more thoroughly than 
those formed with the other saponins, and in all cases the ratio of the 
saponin to alcohol, or phenol, is 1 ; 1, The addition compounds ai^ ini- 
soluble in water but are usually soluble in alcohol. Among the neutral 
steroid alcohols, however, addition compounds that are insoluble in alco- 
hol are formed with the 3(^)-bydroxysteroids and occarionaJly with the 
17(a)-hydroxysteroids.*** In testing for structure, both members of an 
epimeric pair should be examined.’** As a test for configuration at 
faulty results may be obtained if the side chain differs greatly from the 
normal, •** if the molecule is polyhydric,*® or if an acetyl group is present 
at Ci 7 and rings A/B have the alio configuration.*’* An epi configuration 
of a methyl group at Qo prevents formation of an insoluble dig^tonide 
even when the steric configuration of the Cg — OH is P (qf. lumisterol 
and pyxocalciferol). When a monomolecular layer of a jS- or of an 
a-sterol is treated with digitonin, the saponin is adsorbed as a visible film 

•™ Kofler ftnd Sohrutka, Bioehem. Z., IBS, 327 (1925). 

Kobert, Arch, exptl. Path. Pharmakd., SS, 257 (1887). 

Kofler, Biochetn. Z., US, 54 (1922). The fish index is ueaauy defined ee that dilu- 
tion required to Idll fish veighing 0.1-0.5 g. A q>eoiee of minnow (Rotauge) is used for 
the anay. 

See Kofler, "Die Saponlno.” The value given is for human Uood. 

Windaua. Ber., 41, 238 (1009) ; Windaoa and Weinhold, Z. pht/tid, Chem., US, 
200 (1923). 

*** Sehoenheimer and Evans, Jr., J. Bid. Chem., 114, 567 (1936) ; B^chstein, Hde, 
Chim. Ada, 19, 406 (1936) ; BtoU, Z. phveid. Chem., S4S, 1 (1937) : Winteietmner, /. Am. 
Chem. 3oe., S9, 765 (1937) ; Busicka, Furter, and (Toldberg, Sdi. Chim. Acta, tt, 498 
(1038). 

"* NoBer, /. Am. Chem. Soe.. SI, 2717 (1039). 

Fwnhols, Z. phvdol. Chem., tU, 07 (1935). 

*M Butenandt and Mamoli, Ber., 68, 1847 (1935). 
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liy the aonnal sterol^ but only slightly by tiie ejrasteroL Ibe fcmaer u 
mote stable than the latter. The diptonides of the /S-sterols are hydro- 
{ihilio, but those of the o-sterols are hydrophobic.**^ The molecKilar 
additaon products may be broken up with regeneration of the steroids by 
treating them with pyridine,*** by extracting with boiling xylene, or by 
aeetylating.*** 

The Digitalis Saponins. The principal members of the digitalis 
aaponins are shown in Table VII. Preparation of these glycosides in 
pure f<mn is a tedious and uncertain process. From the crude tracts 

TABU! VII 


Pmnctpal Dioitaus Sapontss • 


Saponin 

Probable 

j 

1 

Plant Source 

j Hydrolytic Products 

1 Fonnula 

j 

1 

1 Sapogenin 

i 

Sugars 

TiiUin 

CjsHjjOg 

Trillium ereelum 

Diosgenin 

1 Glucose 

Trillaria 

Cj(iH«jOu(?) 

Trillium etedum 

Diosgenin 

2 Glucose 

Sanaaaponin 

(parillin) 

C«H7«Oit 

Radix sarsapariBae 

Sarsasapogenin 

(parigenin) 

2 Glucose and 1 
rhamnose 

Oitonin 

CA 1 H 82 O 23 

DiffiUdia purpurea j 

Gitogenin 

3 Galactose and 1 
pentose 

Digitonin 

C^HgtOsB 1 

j 

Diffitalis purpurea 

Digitogenin 

4 Galactose and 1 
xylose 

Tigonin 

CsfrHMOr 

DigiUUii purpurea, 
Digitalis lanata 

Tigogenin 

2 (Ilucose, 2 ga- 
lactose, and 
rbamnoee 

Amolonin. . . . 

CwHimOji 

Chlorogalum panv- 
eridianum 

Tigogenin 

3 Glucose, 1 ga- 
lactose, and 2 
rhamnose 

Dioscin 

(CsoHmOs)* , 

1 

Dioaeorea tokoro 
(Maldno) 

Diosgenin 

Rhamnose (7) 


*D*t» {tom TacJsmdie, Srpab. Phytiat., IS, W 0938); TaulmiDOto uid Ueno, J Pham. 8oe., 
/apan, M, 802 (1938) [O. J., SI, 7470 X1938)|; Orove, Jenldas, wd Tbom|w>n, J. Am. Pharm. Amoc., 
tl, 487 (1938); M«k«r and Kruacer, J. Am. Chtm. 5m., 93, 3349 (1940). 


of the leaves and seeds of the digitalis family, the cardiac glycosides can 
be mnoved by means of chloroform or ether. The separation of digitonin 
from the mixture of digitonin, gitonin, tigonin, and other saponins ob- 
tained from D. purpurea illustrates the procedures employed. By the 

*7 Tmuriml.. uul (x>«worksM, /. Am. Chtm, Sac., M, 1408 ( 1037 ). 

** SohotoheiiBM’ Bad Pam, Z, pht/tid. Cktm., tU, 89 (1933); Ber gm a nn , J. BioL 
Chm., US, 471 (1940). 

*** WbAko^ Z. phydeL Chmt, H, 110 (1910). 
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method of Eoliani *•* the di^tonin is precipitated from an aqueous solu- 
tion as the amyl alcohol addition product, regenerated by removal of the 
amyl alcohol, and the product recrystallized first from 50 per cent and 
then from 85 per cent alcohol, l^^daus and Shah precipitate the 
diptonin from a 5 per cent aqueous solution by the addition of ether, with 
which it forms an addition compound. The precipitate is filtered off at 
the end of thirty minutes; repetition of the process gives pure digitonin. 
By the last procedure gitonin is also obtained, since it precipitates with 
ether on standing. 

It is very difficult to separate tigonin from the mixtures of’ gitonin 
and tigonin that occur in nature. Fortunately the leaves of D. lanata 
contain only tigonin, and the saponin is easily purified through its spar- 
ingly soluble cholesterol addition product.**® 

Recently members of the lily family have been extensively studied 
as sources of the saponins.*** From the plants examined, trillin and 
trillarin have been isolated from TnUium erectum; *** sarsasaponin from 
the Mexican sarsaparilla root, Radix sarsaparillae; *** amolonin from the 
California soap plant, or amole;*“ and dioscin from Dioscorea tokoro 
(Makino).*** The occurrence of these saponins in plants other than the 
digitalis groups shows that the designation “the digitalis saponins” is not 
ideal. 

The Sapogenins. By acid hydrolysis the saponins are split to 
sugars and sapogenins. The hydrolytic products are given in Table VII, 
and, as the list shows, the sugars are not unique. Because of the active 
interest in the chemistry of the sapogenins, various procedures have been 
developed for the direct isolation of the aglucons without obtaining the 
saponins as intermediate products.**’ 

Two general structures (I and II) have been proposed for the sapog- 
enins. Both show that they are comparable to the sterols, except that 
the Ci 7 side chain is made up of two heterocyclic oxygen rings. In for- 
mula I of Tschesche and Hagedorn,”* the side chain is composed of two 

'** Eil’ani, Ber., 43 , 3662 (1910) ; 49 , 701 (1916). A summaiy of the method ie given 
by Lettr6 and Inboffen, "Uber Steiine, OaUenahuren und verwandte Naturetoffe,” Enke, 
Stuttgart (1936), p. 189. 

Windaus and Shah, Z. phyaiol. Chem,, Ul, 86 (1926) ; Windaua and Schnecken- 
burger, Ber., 46 , 2628 (1913). 

Tschesche, Ber„ 69 , 1666 (1936). 

*** Marker and co-workere, J. Am. Chem. Soe., 63 , 2642, 2548, 2620, 3349 (1940) . 

Jacobs and Simpson, J. Biol. Chem., 105, 601 (1934). 

*•* Jurs and NoUer, J. Am. Chem. Soo., 58 , 1261 (1936) ; of. Liang and NoUer, ibid., 
57 , 526 (1936). 

*** Tsukamoto and Ueno, J. Phecrm. Soc. Japan, 56, 802 (1936) [C, A,, 88, 7470 (1938)]. 

**’ Inter al., Fieser and Jacobsen, J. Am. Chem. Soc., 60 , 28 (1938) ; Ncdler, Goodaon, 
and Synerholm, (Wd,, 61 , 1707 (1939) ; Marker, reference 393. 

•n Tschesche and Hagedorn, 68, 1412 (1936) ; M, 797 (1936). 
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tetrabydrofiuan rings, one of which is fused with ring B. In fonnula II 
of Maxker snd Rohimonn,'** the dde diain consists of a ketospiroacetal 
containing a sh[-memb 6 red oxygen ring, and the same fused tetrahydro- 
furan ring as in I. The evidence for these two proposals is discussed later. 
Whatever its structure, the side chain may have a “normal” or an “iso” 
configuration, and by suitable treatment one form may be converted to 
the other. Of the naturally occurring sapogenins, about half have an 
alio configuration of rings A /B, and all have a 3(d)-hydroxyl group. The 
structural characteristics and the physical properties of the principal 
sapogenins are given in Table VIII. 



1. XiClieielM*HaffedorD 





Fropoted strncturei of the XMsltaUa 8ta>ogealni 
(Bines 4/^: eis or trans) 


Although the sapogenins are eaaly purified through their acetyl 
compounds, their composition as C 27 steroids was not established until 
1935, since the early analyses did not differentiate between C 26 and C 27 . 
It remained for Jacobs and Simpson to alter the accepted composi- 
tions, and, at the same time, to dehydrogenate ^togenin and sarsasapog- 
enin with selenium to Diels’ hydrocarbon.* With these indications of 
the nature of the problem, the structure of the nucleus was soon estab- 
lished. 

The Ring Nucleus. The structure of the nucleus has come largely 
from the study of the products obtained in the degradation of the mono- 
hydric sapogenins, tigogenin *•* and sarsasapogenin,"^ to etiooZfobilianic 
and etiobihanic acids, respectively. For the sake of integration witii the 
rest of the discussion, the transformation with sarsasapogenin, rather than 
with tigogenin {isoallosarsasapogenin), is shown in formulas III-VIII. 
By chromic add oxidation of acetylsarsasapogenin (III), an acetylated 

Marker and Rohrmaim, /. Am. Chem. Soc,, 61, 2072 (1039). 

Jacobs and Simpson, ibid., B6, 1424 (1934); /. Bid. Chem., IDS, SOI (1034). 

* Another product of sdenium dehydrogenation is a hexyl methyl ketone. The same 
or a similar ketone is obtained when the sapogenins are treated with hydrogen chl<»ide in 
acetic acid [Ruxicka and van Veen, Z. pkyeiol. Chem., lU, 60 (1920) ; Smpson and Jacobs, 
J. Biol. Chem., 100 , £73 (1935) ; Fieaer and Jacoheen, J. Am. Chem. Set., 60 , 2S (1038)]. 

"I Askew, Farmer, and Emi, J. Chem, Sot., 1390 (1936): Fanner and Ekn, «Md., 414 
(1037). 
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laitslQAe ^IV) waa obtained. After deacetylation and removal of tbe 
C^( — OH the lactone V -was converted by Barbier-Wieland d^;ra> 

dation through the compound of structure VI to a mixture of etiobilianic 
a«id (VII) and the lactone of probable structure VIII. Through this 
degradatimi the relationship of rin^ A/B is shown to be cfs in sarsasapog- 
enin, the attachment of the principal side chain at C 17 is established, 
and one of the ether oxygens is placed at Cie, extending to form a bridge 
to Ca 2 . This last follows from the behavior of the lactone ring of struc- 
ture V. It is definitely five-membered, since it is opened with difficulty 
by alkali in the cold, and the hydroxy acid formed reverts immediately to 
the lactone form in the presence of acid. 



The Cs — OH Group. The attachment of an hydroxyl group at C 3 
in tigogmin was first shown in the classical manner by opening the ring 
bearing the hydroxyl group and subjecting the dicarboxylic acid formed 
to thermal decomposition. A pyroketone was obtained, and this, taken 
with the fact that tigogenin forms an insoluble digitonide, placed the 
hydroxyl group at Cs in a /S-configuration.^®* Subsequently, by means of 
the digi tonide test,*®* by degrading sarsasapwgenin and (hbydrosarsassr 
pogenin to the known 303)-hydroxyetiobiUanic adds by converting 
various sapogenins to known 303)-hydroxy derivatives of the sex boi^ 

Tadbeaeba and Hagadom, Ber^ M, 2347 (19Sft). 

*** Atalar and BiAsittuma, J. Am, Chem. iSoa., Cl, 2734 (103S). , 

Maito «Bd BohiBiMm. BM ,. «. 2722, 34n (lt>8») ; Ml. 76 (IMO). 
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mones,**** and by interrelation of the sapogenins, a /3-configuration of the 
C 3 — OH group has been found to be a common characteristic of all the 
natural sapogenins. 

The Cir Side Chain. Of the two formulations of the C 17 side chain, 
that of Tschesche and Hagedom was offered to accoimt for the resistance 
of the side chain to oxidizing agents, and for the production of methyl- 
succinic acid as one of the products of oxidation. It was known from 



lo. SapoffenlD side chain DO Sapogenolc acid 

(Tacbeflcbe'Hagedorn) (Tecbeacbe-Ba^edorn) 


CH* CO*H 



X. AnbjdrosaposfQQolc acid XL DiketoUlcarboz^Uc acid 

(Fle8er*Jacobaeii) 


h 



YTt. TetrabydroaDbjdroeapQ^enoic acid XIII. Lactone 


earlier work that vigorous chromic acid oxidation of digitogenin (p. 1466) 
gave, among other products, methylsuccinic acid and o-methylglutanc 
acid,*®* or a-methylglutaric acid alone.*®’ Tschesche viewed the 
a-methylglutaric acid as originating from the nucleus, as is known with 
the bile acids (p. 1366), and the methylsuccinic acid as aridng from the 

•" Marker et ol., ibid., 62, SIS. 898. 2621, 3003 (1940). 

“• KUiani, Ber., «, 702 (1916) ; 61, 1626 (1918) ; cf. Windaua, referenoe 407, p. 47. 

^ Windaufl and Willording, phj/aiol, Chetn., 14S, 33 (1826). 
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ilde dutia tiirougli tbe stage (rf a sapogmoic add foimulated as DC 
aod Jacobs^ conouired in these formulations after studymg 
various tranafonnatlcms of sarsasapogenoic acid. This add does not react 
with kettme reagents imder ordinary conditions, but at 130° both the add 
and its methyl ester form <hoximea (?). It is diflScult to hydrc^enate 
the sapogenmo adds, but eventually in acetic add with Adams catalyst 
a ffinall proportion is reduced. Heating the acid with dilute alkali, how- 
ever, converts sarsasapogenoic add to an anhydro add (X) formulated 
as shown. The anhydro acid contains^ the system C=C — C==0 
(absorption at 240 mu) and forms a monooxime. Oxidation of anhydro- 
sacsasapogenoic add with permanganate converts it to a diketodicar- 
boxylic acid (XI)) whUe hydrogenation reduces the conjugated system 
to a product (XII) which readily lactonizes (XIII). These formulations 
seemed consistent, but a number of by-products were obtained which 
could not be integrated with the other facts, largely because so little was 
obtained that study was impossible. 

Marker and Robrmann formulated the side chain as a ketospiroacetal 
(IIo), which ahowB for the formation of both methylsuccinic acid and 
o-methylglutaric add from the side chain through the stage of the sapog- 
enoic add (XIV).*** Their prindpal argument, however, does not rest 
on the origin of these fragments, but on the lability of the side chain in 
add media. It was noted by Fieser and Jacobsen that sarsasapogenone, 
the 3-ketone corresponding to sarsasapogenin, is isomerized by treat- 
ment with adds. On studying other reactions in add media. Marker 
and Rohrmann found that the sapogenins are Isomerized on prolonged 
heating in alcoholic hydrochloric acid, are converted to pseudosapog- 
enins by heating with acetic anhydride at 200°, are reduced catalytically 
in add media to dihydro derivatives, are brominated easily in the side 
chain, and are altered by Clemmensen reduction. These changes have 
been interpreted in the light of the formula proposed by them. On re- 
flmdng the sapogenins with a normal configuration of the side chain in 
alcoholic hydrochlcmc add for four days, isomerization occurs in the side 
chain with the production of isosapogenins (XV).’** By heating either 
form with acetic anhydride at 200°, a pseudosapogenin (XVI) is formed 
which has entirely different propOTties from the parent sapogenin.*^® In 
{Muscular, the p6eudcmp(^:enins are readily oxidized. Treatment of the 
pseudoBiqmgenins •sfith alcoholic hydrochloric add causes a reversion to 
the fii^)og8nin type if the configuration of rings A/B is cis, to the isosapog- 
Aniti if thjfl configuration is trane.*^ On oxidation the px^udosapogenins 

Steer sod Jaoobwn, /. Am. Chem. Soe., M, 28, 2763, 2761 (1938). 

^UKckm aad BrA^nemiii ibid., 0X, 2072 (1939). 

** Marker aiu) 'Rokiiamm, ibid., M, 621 (IMO). 

MarlcBr end Ei^teetneim, 896 (1940). 
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are attacked at the Cjo — linkage and are converted in good ^eld to 
pregnane (p. 1491) derivatives.^* In add media catal3rtic hydrc^ena- 
tion opens the side chain on both the sapogenins and the i80S^>ogenins. 
The product (XVII) is not identical with liiat formed by lie reduction of 
the pseudosapogenins (XVIII). According to Marker and Bohrmann, 



the side chain contains one reactive hydrogen which may be provisonally 
placed at C23. This hydrogen may be replaced with bromine** or 
brought into reaction with Grignard reagents.** Clemmensen reduction 
op^is both oxygen rings with the formation of a tetrahydroe^)ogeDin.*** 

Marker and Bohrmann, Und., 81, 1931 (1039) ; Marker «( aJ., 63, 1033 (1981). 

Marker and Rohimann, iUd., 63, 900 (1940), 
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iNibaequent developmaits have favored the Marker-Rohrmaim 
fotmuladon, and only e^lhetic evidence is lacking for ripd proof. 
Thtts, Market^®* has isdated a-methylglutaric acid and A“-oiio- 
I»egnene^,20-dione (p. 1494) in good yi^d by cold chromic acid oxidar 
ticm (d pseudotigogeiun and of pseudosarsasapogenin, has obtained 
3(^)-hydroxy-19-ketobisnoTcholanic acid by ozonolyas of anhydro- 
sarsasapogenoic acid, and has isc^ted 3(/9)-hydroxyetiobiliamc acid in 
I)oor yield as the product of a double haloform reaction on the ketodi- 
carboxylic acid obtained by per man ganate oxidation of anhydro- 
sarsasapogenoic acid. Further, Ladenburg and Noller ***’’ have shown 
that treatment of methyl chlorogenoate diacetate with ammonia gives 
a product whose ultraviolet absorption spectrum indicates a p)Trole 
nucleus; this is consistent only with the presence of a 1,4-diketone 
grouping in the C 17 side chain. 

The Monohydroxysapogenins. The structures of the monohy- 
droxysapogenins have been determined largely by using sarsasapogenin 
and tigogenin as reference compounds. Diosgenin (XIX), from the 
saponin dioscin, corresponds in nuclear structure to cholesterol. It 
gives the reactions characteristic of A^-unsaturation, and on catalytic 
hydrogenation in neutral media is converted to tigogenin."^ JSpisarsasa- 
pogenin is not found in nature, but is readily obtained from sarsasapog- 
enin, either by epimerization or by reduction of the corresponding ke- 
tone.“* Smilagenin (isoearsasapogenin) b formed by acid isomerization 
of the Ci 7 side chain of sarsasapogenin.*'* Tigogenin has been obtained 
from isosarsasapogenin by brominating the corresponding ketone to a 
4,23(?)-dibromoketone, debrominating with zinc (A^-etbenoid linkage), 
and reducing with sodimn and ethanol.*" Application of the same pro- 
cedure to sarsasapogenin yields neotigogenin.“* Nitogenin, a sapogenin 
obtained from an Eigyptian date, has not been investigated structur- 
ally.«« 

««“ Marker tt al., ibid., 6S, 779, 2274 (1941) ; Marker and Shabice, ibid., 64, 180 (1942). 
latdemburg and Noller, ibid., 63, 1240 (1941). 

*** Taukamoto and Ueno, J. Pham. Soe. Japan, 66, 802 (1936) [C, A., S3, 7470 (1938)] ; 
Taukamoto. Ueno, and Ohto, ibid., 56. 931 (1936) IC. A., SI, 3493 (1937)}; 87, 9 (1937) 
[Ckem. Zenir., (1)4238 (1937)1; Taukamoto, Ueno, Ohta, and Tacheeohe, ibid., 67, 383 
(19S7) IChem. Zmtr., (UQ 2763 (1938)] : Marker, Taukamoto, and Turner, J. Am, Chem, 
See., St, 2626 (1040) ; Marker, Jonea, and Turner, ibid., 63, 2637 (1940). 

tu Arimw, Fanner, and Kon, J. Chem. Sec., 1399 (1936) ; Marker and Bobrmann, 

Am. Chem. See., 61. 943 (1939). 

*** Farmer aOd Kon, J. CKam. See., 414 (1937) ; Kon, Soper, and Woolman, ibid., 1201 
(19^ ; Marker. Taukamoto, and Tumo', J, Am. Chan. See., 63, 2626 (1940). 

Marker and Rohn&ann, ibid., 61, 1291, 1616 (1939) ; Marker, Rohimann, and Jonea 
AM., tt, 1103 (1940). 

*» Marker and Bdtonarm. tt 647 (1940). 

Eon and Wtflar. J. Chem. &>e., 800 (1030). 
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The Dihydroxysapogenins. Chronologically, the dibydroxyea- 
pogenin gitogenin waa one of the first to be studied. The two hydroxyl 
groups have been placed at C2 and C3 by correlation with tigogenin. 
When gitogenin is oxidized with cold chromic acid, ring A is opened and a 
dicarboxylic acid, Otogenic add, is formed. Tins acid is identical with 
one produced by chromic acid oxidation at 70“ of tigogenin, by opening 
ring A.*"* Since rings A/B are trans in tigogenin, they must be tram in 
^togenic acid and in ^togenin. As ptogenic acid must origmate by 
cleavage between C2 and C3, this places the hydroxyl groups at the same 
two positions in the aglucon. Because neither gitogenin nor chlorogenin 
is isomerized by treatment with alcoholic hydrochloric add, both are 
assigned an iso configuration of the C 17 side chain.*®^ 

The hydroxyl groups of chlorogenin have been placed at C 3 and C®* 
through the application of one of the reactions of cholesterol.*^ Treat- 
ment of diosgenin (XIX) with chromic acid at 20“ converts it to the 
corresponding A^-ene-3,6-dione (XX). The double bond of this unsat- 
urated ketone is reduced by zinc and acetic acid to the saturated aflt>-3,6- 
dione (XXI). Reduction of the latter gives chlorogenin (XXII) if so- 
dium and ethanol are used, and /3-chlorogenin (XXIII) if catalytic hydro- 
genation in alcohol with Adams catalyst is employed. Identical re- 



HO 

XIX. Dioagemn 



XX. A*-Ene-3.6-dione 


XXI. 3,6-Dione 



Tscheache, Ber., 68 , 1090 (1936) ; </. J»oot» and Simpson, J. Biol. Chem., 110 , 429 
(1935); Marker and Rohrmann, J. Am. Chem, Soc., 61 , 2724 (1939). 

Marker and Rohrmann, J. Am, Chem, Soc,, 61 , 2724 (1939) ; 68 , 647 (1940). 

♦ The position of this hydroxyl group has been questioned by Noller and Lieberman, 
J, Am, Chem, Soc., 63, 2131 (1941), on the basis of the following evidence: Chlorogenonie 
acid, a ketodicarboxylic acid obtained by cold chromic acid oxidation of chlorogenin, m 
not identical with digitogenio (XXV) or digitoic (XXVIII) acid and is converted by 
Wolfl-Kishner reduction to gitogenic acid. Thus, in the oxidation, cleavage of ring A 
takes place between Ca and Ca, and if the second hydroxyl group w«e attached at Ct 
either digitogenio or digitoic acid should result. 

Mauthner and Suida, MonaUh,, 17 , 679 (1896) ; Windaus, Ber,, 89 , 2249 (1906) ; 
40 , 267 (1907). 
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sulti tsibtaioed if ohlon^^enone from nataral (dil(»roeeiu]i b reduced. 
Becauae of this mode of formatioa, chlorogenin is formulated by MarW 
«s a 8<j3),6(o)-daiydroxy8apogenm, and /S-chlorogenm as a 3(jS),6(/S)- 
dibydioxygeoin.* In agreement with the assigpied oZZo configuration, 
chlon^fenone is not rearranged on treatment with alkali.'*^' 

Lifiigenin has been isolated in such small quantity that an investi- 
^tion of its structure has not been posrable. It appears to have an 
hydroij^l group adjacent to the one that takes part in digitonide forma- 
tion.®* 

Dig^togenln. When digitogenin (XXIV), which contains three 
seccmdary hydroxyl groups, is oxidized with cold chromic acid, one of 
the products is digitogenic acid (XXV), a ketodicarboxylic acid. On 
reduction of the carbonyl group of this acid by the Wolfi-Kishner 
method, gitogenic add is formed.®® Thus two of the hydroxyl groups 
of digitogenin are placed at C3 and C3, as in gitogenin.®® 

If digitogenic add is oxidized with permanganate, ring B is opened 
and a ketotricarbo^lic add (XXVI), “oxydigitogensaure,” is formed.®* 
This add is a ^-ketonic add, since it readily loses one or two molecules 
of carbon dioxide when it is heated. The probable structure of the 
add formed by the loss of one molecule of carbon dioxide (and one 
molecule of water) is shown in structure XXVII. The second molecule 
of carbon dioxide is split out as indicated by the dotted lines. The forma- 
tion of add XXVI shows that the unplaced hydroxyl group is situated 
near the bridge head of two condensed rings. The p>osition of this 
hydroxyl group, or the carbonyl produced from it, is further defined by 
the rearrangement of digitogenic acid to digitoic acid (XXVIII) by 
wanmng with alkali. Taking both these reactions into consideration, 
the third seccmdary hydroxyl group is placed at Ce.*'* When digitogenic 
add is oxidized with chromic acid, the side chain is apparently oxidized 

* The raeulta obteioed by the two metbodi of reduction have led Marker, reference 423, 
to the genraalication that hydrogenation of a S.S-diketoaflosteroid with sodium and ethanol 
resnStain the productioit of a 3(S),6(a).dihydroxy(if2osteroid, while catalytic hydrogenation 
in neutral media foiTns»3(S),e(S)'<iihydroxyepimer. Further examples are reported in Uie 
etaea ot luduotitm inodaeta from oholeBtane-3,e-dione and 3,6-diketoafiocholanic add. It is 
auTpriaing that amall aaounta ot other epimers, 3(a), 6(a) and 3(a),6(d). have not been 
eiusounteted. Vsing the Meerwein-Fonndorf procedure with aluminum isopropoxide, 
TukaxBOto, /. Biadhtm- {/apoa}, SS. 4S1, 461 (1940), finds that 3,6-diketoa22ocholanic add 
la eonTartad to and 3(a) ,6(S) -dihydroxy acids, and that 3,6-(liketooholanio acid 

yielda a mixture oi tha four thaoretically poasil^ dibydroxy adds, with 3(a),6(a)-dihy- 
dtoqpeholanie acid pnatemiitathu;. 

®'ldarker, Jonea, and Turner, y. Am. Chem. 8oc„ 6S, 2S37 (1940); ef. Marker and 
ee-mWkata, fMd., St. (MA, 8479 (1039) ; O. 3006, 3009 (1940) ; 64. 221, 809 (1942). 

®* Maricffir and oo-wotkera, ibid., 68, 2620 (1940). 

«• Tadwseba. &r.. 88, 1000 <108S). 

®* WindaiHi and WeB, Z. pAvetol. Chem., 181, 62 (1922). 
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to the Bapo^encnc aeid structure and ting B is opened as indicated in 
structure XXIX.* 



Steroid Alkaloids. Related to the sapogenins are a number of 
little-investigated steroid alkaloids isolated as glycosides from certain 
members of the genus Solanaceae.^^ The best known of this group are 
the two glycosides, solanine-f, C 46 H 780 iiN, isolated from potato {So- 
lanum tuberosum) sprouts, and solanine-s, C45H730i6N, obtained from 
various other Solanaceae. According to Rochehneyer,“® these are better 
described as solatunine and solasonine, respectively. On hydrolysis, the 
aglucons solanidine-f (solatubine), C27H43ON, and solanidine-s (solaso- 
dine), C27H43O2N, are formed. Both of these give Diels’ hydrocarbon 
when dehydrogenated with selenium, form insoluble digitonides, con- 
tain one double bond, and give the reactions for a tertiary nitrogen. 
Solanidine-s, on distillation with zinc, yields a mixture of pyrrole 
bases.**® Solanidine-< appears to be structurally similar to cholesterol 
and may be represented provisionally by either XXX or XXXo.*“ 

* Degradationt by Marker et al., J. Am. Chem. Soc., <4, 1S43 (1942), show that tin 
third hydroxyl group of digitogenin is not at Ce and may be at Cii. 

C/. SobOpf and Herrmann, Ber., W, 208 <1033) ; Oddo and Caionna, Her., OT, 440 
(1934). 

*» Hoehelmeyer, .4reh. Pharm., S74, 543 (1936) ; t7B, 336 (1937) ; Ber.. n. 226 0938) ; 
Arch. Pharm., 277, 329, 340 (1939). 

**' Soltys and Wallanlels, Ber., 69, 811 (1936) ; Oemo, Mcngao, and Baiwr, J. Chan. 
3oe., 1296 (1936). 
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g^ptvently (Meta from solanidine-t by aa addiUioiial te> 
tMiy hydroxyl group.*® 



TEE SEE HORMONES * 


It has beffla known for years that the glands of the genital systems 
elaborate substances that cause important physiological changes. By 
studying the results of castration, and of castration followed by implanta- 
tion of the glands removed, or of those of the opposite sex, physiologists 
were able to determine some of the effects due to secretions of the 
genital glands of the two sexes. A further stage was reached when the 
effect of extracts of the gonads on castrated animals was studied. 
Through these methods definite bioassays have been developed for the 
evaluation of the several hormones. At the present time three types of 
sex hormones are recognized as oii^naling in the gonads; the estrogenic 
hormones, the hormone of the corpus luteum, and the androgenic hor- 
mones. The structures of the glandular hormones are shown in for- 
mulas l-lll. o-Estradiol (I) is the ovarian hormone that produces 


CHi 



OH 



estriB; progesterone (II), the corpus luteum hormone that is essential 
for pregnancy; and testosterone (III), the testicular hormone that 
causes changes in the accessory sexual organs of the male. The produc- 
tion of these sex honuones i^pears to be r^ulated by the gonadotropic 

M Brins, /. Am. Ch«m. Soe., M. 1404 (1937) ; Natvre, lU, 247 (1939). 

* F«w phgnioloKjp see AUmi, '*6es end Intmul Secretions,’’ 2iul ed., WiUisms end 
Willdns Co., Balilmoire (191^. 
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hormones secreted in the anterior lobe of the pituitary. That these hor- 
mones from the pituitary are responsible for the production of the sex 
hormones has been shovm by the removal of the gland and by the in- 
jection of extracts. 

The Estrogenic Hormones 

In the female sex organs a periodic change takes place which varies 
somewhat from species to species. As the result of the action of the 
estrogenic hormones, the female is brought into a state of heat (estrus), 
during which she will mate. In estrus, rats, mice, and guinea pigs show 
characteristic changes in the tissues of the vagina, accompanied by a 
t3rpical vagjnal discharge that has a unique comified appearance. By 
microscopic examination of the vaginal smears from such an animal the 
estrous condition is easily recognized. Allen and Doisy,^* using cas- 
trated female rats and mice, adapted this phenomenon to a biolo^cal 
assay of estrogenic activity. At the present time the assay is carried out 
by injecting subcutaneously into a group of five or more castrated mice 
(or rats) several concentrations of the substance under examination. A 
group of control animals is simultaneously injected with a standard 
estrogenic substance. By comparison of the concentrations necessary to 
produce estrus in more than 50 per cent of the animals the assay can be 
made vdth some precision. The results are generally expressed in mouse 
units (M. U.); by international agreement one mouse unit is defined as 
the effect produced by 0.1 ng. of a standard estrone preparation.** As a 
subsidiary standard the monobenzoyl ester of a-estradiol (I) is used; 
this unit (benzoate unit) is represented by the specific acti^dty contained 
in 0.1 fig. of the ester.** 

Occurrence. It was not until the development of the AUen-Doisy 
va^al smear technique of studying estrus that sources of the hormone 
could be examined. Since then the estrogens have been found to be 
present in the gonads and in the placenta, but these organs have a low 
hormonal content. The hormones are eliminated in the urine of both 
sexes and although the content of pregnancy urine is high, the urines 
of the stallion and other males of the Equidae are the richest sources 
known. In Table IX representative values of the several urines are 
^ven. Estrogenic hormones have been found in the lower forms of 
animal life and in the plant kingdom. Thus, one of the hormones— 

* For bioohemistiT Bee DoMy, Chaptw XIII, and Gustavaon, Chapter XIV, in Allen 
"Sex end Internal Seoretiona," 2nd ed., Williams and WilUns Co., Baltimwe (1939). 

** Allen and Doiay, J. Am. Med. Attoc., 81, 819 (1923). 

*** Loimand, Bull. toe. ehim. tiol., U, 1S66 (1933). 

*** Qautier, Quart. Bull. Bealth Orfonisation iMtgue Nationt, IV, 643 (1936). 
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TABLE IX 

CoMTSMT OV EaTBOQKMlC HoBuoio: at Vabioub Ubimss * 



Normal 

Pregnant 

M. U. per liter i 

M, U. per Diem 

i 

M. U. per liter 

M. U. per Diem 

Woman 

M«i 

Mare 

Stallion 

Zebra (male) 

Bull 

426 

160 

200 

170.000 

36.000 

330 

600 

240 

2,000 

1,700,000 

21,000 

100,000 

31,000 

1,000,000 


* Datk from Borehardt, Dra^emuiaa, and Laqueur, NatuTwiumehafim, tt, 100 (1034) ; Zondak, 
i^aiun, Ut. BOB, 404 (1034); /. Phynd., SI, 473 (IBM). 


estrone — ^haa been isolated from palm kernel extract,^ and another — 
estriol — ^from pussywillows."* Potent extracts have been obtained from 
a wide variety of sources, including petroleum and coal tar,* but it is 
imcertain whether the activity is due to true hormones or to other com- 
poimds. 

Isolation. The procedure used for the isolation and purification of 
the estrogenic hormones is rather complex, since it requires a concentra- 
tion of about a millionfold and a separation from substances that are 
physically and chemically similar. Pregnancy urine of women or of 
mares, or the urine of stallions, is the usual source. In the urine the 
hormones are present to some extent as glucuronides,"* or as sulfates,"^ 
from which they are liberated by boiling with concentrated hydrochloric 
add. The hormones may then be extracted with organic solvents 
(e.g., n-butanol); the extracts are freed of acidic impurities (auxin a, 
etc.) and purified to a high degree by partition between various solvents. 
By an optional procedure, the hormones, after extraction, are caused to 
react with Girtud^ls reagent T (tiimethylaminoacetohydrazide)"* and 

Butenandt and JbtaoH, Z. Chm., S18, IM (1033). 

Skanyurid, JV<dur«. Ul, 7M (1933). 

* For list Me TiAle I, DcW> P- B40-S50, in Alias, “Sex and Internal Secretions,'’ 
Snd ed., Wi]&H»s end Wfikbw Co., (1039). 

Cohen wnd Marnsn, Bivdtem. J., 80, S7 (1036) ; Cohen, Marrian, and Odell, ibid.. 
m, mo Ciom l Callow, ibid.. M. 006 (1^) ; Odell, ManiMt. and BUll, Am. J. Phttrm., 
ii»4ao (iMD. 

) ' Schaekfer and Mairian, /. BvA. Chem., IM, 063 (1038) ; Butenandt and Bolirtetter, 

Mt. Ch«m., an. m (loao). 

'WISirMid Kod Sandideaeo, ffeUr. CMm. Ada, 19. 100» (1980). 
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are converted to water-soluble derivatives that are eadly freed from the 
oils that accompany them at this stage. The final purification is usually 
carried out by distilling in a high vacuum, followed by recrystallization. 
Addition compoimds, such as quinoline with estrone, or the acid half 
esters formed with phthalic or succinic anhydrides, have been recom- 
mended for the final purification. By other procedures the hormones are 
adsorbed from the urine and the adsorbate worked up in much the same 
manner as that portrayed above.* 

The natural estrogenic hormones are derivatives of the hypothetical 
hydrocarbon estrane (IV).“* AH the natural estrogens are phenols with 



IV. Estrsne 


the phenolic hydroxyl group at C 3 , and with ring A, or rings A and B, 
benzenoid. In ring D there is an oxygen function at C 17 , and the nature 
of this group determines to a large degree the physiological activity. 
Many of the hormones occur in polymorphic modifications,^" and nearly 
all absorb strongly in the ultra-violet at 280-285 m^."* In keeping with 
their phenolic nature, the estrogens give a number of color reactions, 
especially with phenol sulfonic acids, that are useful for. quantitative 
estimation, t 

Estrone and Estriol. Estrone (VI), the first of the estrogenic 
hormones to be isolated in pure form, was reported at nearly the same 

* Selected literature on iaolation; Butensndt and Hildebrandt, Z. phyaiol. Chem., ' 
m, 243 (1931) ; Marrian, Biochtm. J., tS, 1090, 1233 (1929) ; 34, 435, 1021 (1930) ; Curtis, 
MaoCorquodale, Thayer, and Doisy, J. BM. Chtm., 107 , 191 (1934) ; Cartiand, Meyer, 
Miller, and Ruts, Und., 109 , 213 (1935). U. S. pats.: Doiay, Thayer, and Veler, 1,967,350; 
Doisy, 1,967,351; Butenandt, 2,012,300; Schwenh and Hildebrandt, 2,046,656; Scbwenk 
and Hildebrandt, 2,054,271; Schoeller, Sohwenk, and Hildebrandt, 2,103,735; Schwenk 
and Whitman, 2,174,532; and Schwenk and Hildebrandt, 2,178,109. 

Adam el ol.. Nature, ISI, 206 (1933). At the suggestion of Professor A. M. Patterson 
this nomenclature has been modified by including parenthetically the linkage of the double 
bonds from the bridge heads. 

Kofler and Hauechild, Z. phyeioL Uhem,, 324 , 150 (1934). 

See Morton, “Abaorption Spectea of VitaminB and Hormones,*’ Hilger, London 
(1936), p. 64; t/. Rowlands and Callow, Biochem. J., 89, 837 (1936). 

t Color reaotiona: Kober, Biothem. Z., 339 . 209 (1931) ; Sohwenk and HUdeteandt, 
aul.. IW. 240 (1983) : Hausaler, Heh. Chim. Acta, 17 , 631 (1934) ; Zimmennann, Z, jOystoL 
Chtm., tia. 267 (1936) ; Pinous, Wheeler, Young, and Zahl, J . Bid. Chem., 116 , 263 (1936) ; 
VoB^ Z. phytioU Chtm., 349 , 218 (1937); qf. Marrian, Brgeb. ritamin.HoTmatifandi., 1 , 
447 ( 1938 ), lot a disouesiwn of the color testa. 
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time by Doisy «* and by Butenandt.^* Soon after tiiis it was obtained 
by others, and a year later estriol (V) was isolated by Marrian.** At 
first there was little of either hormone, but x-ray and surface-film meas- 
urements, taken with other early findings, suggested that the estrogens 
were similar to the sterols."* The problem of their structures was simpli- 
fied somewhat when it was found that dehydration of estriol with 



TIL PbenoldlcarboxjUc add TUI. DimcUtylphonaDthrol H. DUtnetbylpbenantbrana 

^Se 

£tiohilianic acid 


potassium acid sulfate converted it to estrone, thus showing that both 
compounds have the same nucleus."’' Although estrone, on distillation 
with zinc, was converted to chrysene,"® the structure of the nucleus was 
established, and the position of the phenolic hydroxyl group was indi- 
cated by a transformation of estriol. On fusion with potassium hydrox- 
ide, estriol gave a phenolic dicarboxylic acid (VII),*" which, on selenium 

Doisy, Veler. and Thayer, Am. J. Phvsiol., 90 , 329 (1929) ; J. BiU. Chem., 86, 499 
(1930) : 87. 367 (1930). 

**’ Butenandt, Nalumittenacha/ten, 17 , 879 (1929) ; Butenandt and v. Ziecner, Z. 
phynol. Chem., 188, 1 (1930). 

*** D’Amour and Gustavson, J. Pharmacol., 40 , 486 (1930) ; deJongb, Kober, and 
Laqueur, Biochem. Z., 840 , 247 (1931). 

*** Marrian, Biochem. J., 84 , 436 (1930) . 

•** Bernal, J. Soc. Chem. Ind., SI, 269 (1932) ; Adam, Danielli, Hadewood, and Marrian, 
Biochem. J., 86 , 1233 (1932); Danidli, Marrian, and Hadewood, ibid., 87 , 311 (1938); 
Danielli, J. Am. Chem. Soc., 86, 746 (1934). The original measuremente did not differ- 
entiate veil between several possible structures and were at first misinterpreted. 

Butenandt el al, Z. physiol. Chem., 199 , 243 (1931) ; Manian and Hadewood, 
Biochem. J., 86, 26 (1932). 

Butenandt and Thompson, Ber., 67, 140 (1934). 

Marrian and Hadewood, J. Soc. Chem. Ind., 61, 277T (1932) ; MaeCorquodsle, 
Thayer, and Doisy, J. BvA. Chem., 68 , 827 (1933). 
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<Mi:fdi^i»tionTra8 converted to a diiiwthy4>heQaQthrol.**<‘ The latter, 
Oft <£et^tion vrith sine, gave 1,2-dimethylpheQfliithieQe, which waa 
obtxuned also when eldobiUanic add (p. 1361) was dehydrog^iated with 
selenimn.*^ From this it appeared that the steroid ring system was 
present in the two estrogens, and, in analogy with the other steroids, 
the phenolic hydroxyl group was placed at Proof of the allocation 
of the hydroxyl group to this podtion was first obtained by reducing 
estrone methyl ether (X) to the desoxo ether XI and subjecting this 
to selenium dehydrogenation.**^ The product, 7-methoxy-l,2-cydopen- 
tenophenanthrene (XII), was isolated in a 15 per cent yield, and its 
structure was established by synthesis. Further evidence for the posi- 
tion of the hydroxyl group was obtained when the dimethylphenanthrol 
X, formed in the degradation of estriol, was shown by ssmthesis to 
have the structure 7-hydroxy-l,2-dimethylphenanthrene.*“ The ben- 
zenoid nature of ring A was established by surface-film measurements,*** 
by the phenolic properties,*** wid by the uptake of three moles of hydro- 
gen by desoxoestrone on catalytic reduction.*** 



The position of the carbonyl group and of the angular methyl group 
at Ci8 was established by Cohen, Cook, and Hewett.*** The methyl 
ether of estrone was caused to react with methylmagnesium iodide, the 
resulting carbinol (XIII) was dehydrated to an unsaturated ether (XIV), 
and this product Was subjected first to catalytic reduction and then to 
selenium ^ydrogenation. The product, as was shown by synthesis, 

*** BaUKiu>4tk 'W«idlloh, uid ThompaoD, Ser., 68 , 601 (1983). 

*** Ceoif and Oiranl, Nature, ISS, 377 (1934) ; (Tohan, Cook, Hemtt, and GiratdL 
J. Cken^, (1934). 

*** EaiMm and SlMdrick, /• Chem. Soc., 864 (1^4). 

**• C/. (Mow, Siodum. J., M, 906 (1936). 

4MBiitenandt and WeaM^ 2. vkyeid. Chem,, tU. 147 (1934). 

Cook, and HinraU, /. Chem. Soe,, 446 (1936)., 
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proved to be 7-inethoxy-3',3'-dimethyl-l,2-oyclopentenopheiiaQthrene 
(XV), and not the expected 7-metiioxy-3'-inethyI-l,2-cyclopenteno- 
phenanthrene. To explain its formation a molecular rearrangement must 
be assumed. The carbinol (XIII) resulting from the interaction of 
methylmagneeium iodide has an hydroxyl group adjacent to a quarter- 
nary carbon atom and is of the type in which dehydration should be 
accompani^ by rearrangement. That the angular methyl group actu- 
ally wanders to C 17 is shown by the fact that migration occurs when the 
methyl ether of dihydroestrone is similarly dehydrated, reduced, and 
dehydrogenated with selenium. The product in this case is 7-methoxy- 
3'-methyl-l,2-cyclopentenopheiianthrene, a hydrocarbon whose struc- 
ture was established also by synthesis. The migrating methyl group 
found in the 3 -portion in the end product of both these transformations 
must have been attached originally to the ring system as an angular 
methyl group. The transformation shows that this methyl group is 
attached at Cia and that the carbonyl group is located at C 17 in estrone. 

The conclusions reached from the study of the degradation products 
have been confirmed by the conversion of dehydroneoergosterol to 
estrone and by the total synthesis of equilenin, one of the estrogens 
present in pregnancy urine of mares. The latter will be considered 
first. 

Total Synthesis of Equilenin. As the structural chemistry of the 
steroids developed, it became evident that the estrogenic hormones 
offered one of the best fields for synthetic work since they are relatively 
simple and easily characterized. Nevertheless, nearly all the synthetic 
work has led to interesting methods of forming polynuclear hydrocarbons 
rather than to the sex hormones themselves."' In 1939-40, however, 
Bachmann, Cole, and Wilds developed a synthesis of equilenin start- 
ing with 7-methoxy-l-keto-l,2,3,4-tetrahydrophenanthrene (XVI), pre- 
pared from l-naphthylamine- 6 -suifonic acid (Cleve’s acid). On the 
tetrahydrophenanthrene system, Bachmann et al. operated first at C 2 
of XVI to provide for the future Cir carbonyl and C 13 — CH3 groups, 
and then extended a carbon chain from Ci to develop the remainder of 
the desired five-membered ring. 

Condensation of XVI with methyl oxalate in the presence of sodium 
methoride gave the glyoxalate XVII. In the key reaction of tlm 
Bjmthesis this glyoxalate was heated at 180° with powdered soft glass, 
whereupon carbon monoxide was smoothly evolved with the production 
of the ketonic ester XVIII. The future angular methyl group was then 

*** tCeviews; Dane, Angew. Chem., U, 666 (1S39); Springall, Ann. Rpts, Ckem, Soc 
{London), H, 286 (193«). 

Bacltmum, Cole, and WUds, /. Am. Chem. Soc., M. 974 (1939) ; W. 824 (1940). 
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itttnxkiced by iambaent the sodium derivative of the ketooic ester 
mib methyl iodide. A Refonnatsky reaction was carried out on the 
Omethyl ketonic ester XIX, «id the resulting (3-hydroxypropionio add 
XX was dehydrated by the action of thionyl chloride followed by alco- 
holic potash. On addification of the alkaline reaction product, an unsat- 
urated add (XXI) and an unsaturated add anhydride were obtained. 
Ibe unsaturated acid anhydride, or the add corresponding to it, may be 
regarded as a ds form, and acid XXI as a trans form. On reduction 
with sothum amalgam, both the acid and the anhydride gave a mixture 
of the two acids, and trans-7-methoxy-2-methyl-2-carboxy-l,2,3,4- 
tetrahydrophenanthrene-l-acetic acids (XXII). The stereoisomeric 
adds were separated by crystaUization into an a-add, m.p. 222-225“, 
and a i 8 -acid, m.p. 213-214“. Using the d-acid, the acetic acid side chain 
was lengthened by the method of Arndt-Eistert,"* and the reaction 
product XXIV cyclized by heating with sodium methoxide in an atmos- 
phere of nitrogen to Ib-carbomethoxy-dZ-equilenin (XXV). The racemic 
hormone XXVI was then obtained by hydrolysis with acid followed by 
decarboxylation and demethylation. Finally, resolution was effected by 
crystaJlizing the 1-menthoxyacetic esters and saponifying. A similar 
series of reactions on the a-fonn of acid XXII gave d- and l-isoequilenins, 
isomeric at C 14 with equilenin, and identical with products obtained by 
the dehydrogenation of isoequilin (p. 1478). In nearly aU the eleven steps 
of the synthesis yields of 90 per cent were obtained, and from 10 grams 
of 7-methoxy-l-keto-l,2,3,4-tetrahydrophenanthrene about 2.5 grams of 
df-equilenin and an equal amount of df-isoequilenin were isolated. 

Obviously, this synthesis is a classic, not only because of the achieve- 
ment, but also because of the thorough manner in which it was done. It 
^ould be noted that the work of Haworth was helpful in the earlier 
stages of the synthesis, while that of Cohen, Cook, and Hewett ^ fur- 
nished the background for the final stages. Through the synthesis of 
equilenin, many of the conclusions as to the nature of the steroid nucleus 
arrived at by degradation are confirmed, since, as is shown below, equil- 
enin has been converted to estrone, and estrone has been prepared from 
defaydroneoergosterol. * 

Estrone ttom p^ydroneoezgoeteioL In 1936 Marker reduced 
ddydroneoffl'gGieterol to tetrahydroneoergosterol (XXVII), and by 
chromic a(^ oridarion converted the latter to estrone. This result was 

fr 

^ amiEiateit, Ber., SB, SCO (1935) ; Eistert, Angevi. Chem., 64, 124 (1941). 

15awi^, /. Chttn. See., 1136 (1932). 

* A jifa^whkgicaUy inafftaT* iaomer of eatrone, in which rinio C/D are probaUy eit, 
bM been ]»«iwnd bv Otoe and S<di]nitt, Ann., 687, 246 (1939). 

w* jAaifser, ifamm, Dalcwood, and lauciua, Am. Chtm. Soe., 63, 1803 (1986). 
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questioned by Windaus,"* who found that sodium reduction of dehydro- 
neoergosterol (p. 1401) leads to the hydrogenation of ring A rather than 
of ring B. Further study by various workers has shown that sodium 
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and alcohol reduction of the system present in dehydroneoergosterol and 
in equilenin gives about 20 per cent phenolic and 80 per cent non-phe* 
WisdftUB and Deppe, Ber., 70, 76 (1937). 

Marker, J. Am. Ckent. Soc., 60, 1807 (1938) ; Razicka, MQUer, and MSrgeli, 
CAim. Acta, 61, 1394 (1938) ; David. Aela Bretia Neerland. Phj/tiol. PharmacoL MierobuO^ 
8, 211 (1038) {C. A., S3, 2328 (1030)1; Marker and Rofarmann, /. Am. Ch«m. Boe., 61, 
3314 (1039). 
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In ti» ease of reduction <rfeqvi3aun by tJaisnietliodfe^^iroDe 
or ttHBstrsdiol is obtained in about 4 per cent yield. Botii MfU'kfflr and 
Bodcka have pointed out that these results are analogous to thc»e 
dljtained in the reduction of ^naphthol with sodium and alcohol.*** 
If the Ci 7 side diain of neoergosterol (p. 1401) is converted to car- 
bonyl by ozonization and Barbier-Wieland degradation, the compound 
known as folliculosterone (XXVTII) is formed.*** This substance was 
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reported by Remesov to have a physiological activity about equal to that 
of estrone, in spite of the fact that ring B is benzenoid rather than ring 
A. Ruzicka,*** however, has prepared the two C 3 epimers of the corre- 
sponding dihydro compounds and has found that both are weakly 
^rogi^c. In view of the fact that the C 17 dihydro compounds are usu- 
ally much more potent than the corresponding C 17 ketones, the results of 
the two investigat<»s are contradictory. 

Equain. In tiie urine of pregnant mares estrone and equilenin are 
predcmunantly present, but there are also small amounts of equilin,*** 
hippulin,*** and 17(«)-dihydroequilenin.*** Girard*** has noted that, 
during pr^nancy in maree, first estrcme, then equilin, and finally equil- 
enin are excrded in increasin^y larger proportions. Hippulin has not 
beoi studied adequatdy, but the structure of equilin (XXIX), which 

*» Bvatw^ and SttwdicH, Ber., tZ, 886 (1890). 

*•* B;aeiaw»v, Bee, trail. (Mm., W, 797 (1936) ; 86, 1092 (1937). 

**>€Knnd et al., Contpt. rend., fti. 909. 1020 (1932); 198, 981 (1932): Compt. rend. 
im, 904 (193^; Cartload ai^ Mejw, J. Bid. Chem., Ut, 9 (1938). 

' ***tnaterittrtnar et^ Am. Chem. Soe., 08, 2002 (1930) ; Maiker et ol., Brid., 89 
203 (11^7) : Marker and BAimaan, ibid,, bt, 8810 (1939). 
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contains one double bond more than estrone, has been established 
through the identity of its absorption spectrum with that of estrone,**’ 
through the formation of equilenin from equilin by palladium dehydro- 
genation, *•• and through its conversion to a glycol (XXXIII) containing 




one secondary and one tertiary hydroxyl group by the action of osmium 
tetroxide.*** Equilin is isomeriaed to isoequilin A (XXX) by boiling 
with hydrogen chloride-acetic acid.*’® On dehydrogenation, isoequilin A 
is converted to <i-isoequilenin (XXXII), and, to account for the epimeri- 
zation of the Cu — ^H, it is assumed to pass through the intermediate 
XXXI.**’ The glycol from equilin has been converted to 7-keto- and 7- 
hydroxy-estrones, but, in the course of their formation, epimerization 
of the Cg — H does not occur.*** Epimerization of the Cg — H appears to 
be extremely probable in the case of isoestradiol, which is formed when 
17-dihydroequilin *” is treated with Raney nickel and hydrogen.*** 
Here a disproportionation rather than uptake of hydrogen occurs, and 
1703)-dihydroequilenin and isoestradiol (c/. estradiol below) are formed. 
From isoestradiol a variety of isoestrane compounds have been prepared; 
the phymological potency of each is about one-third that of the corre- 
sponding estrane derivative. An isoequilin isomeric with isoequilin A has 
been prepared by dehydrobrominating dibromoandrostanedione (p. 1502) ; 
presumably Uie fourth double bond of isoequilin is situated at Cg : Cg.*’* 

**’ Cook and Roe, J. Soc. Chem. Ind., #4, 601 (1936). 

Dinoherl and Hanuaoh, Z. phytiol. Chem., Z83, 13 (1936) ; ISC, 131 (1^). 

*** Serini and Logemann, Bvr., 71, 186 (1038); Fearlman and Wintentaiiiar, J. BioL 
Chtm., UO. 86 (1930). 

*’* Hinebmann and Wintenteiner, J, BioL Chem., U8, 737 (1938). 

m xiavid, Aeta Brttia Nttrkmd. PK^/tioL PharmaccL MkrdtioL, 4, 63 (193^. 

*** Inhoffan, Jfaturwimemehaftm, S8, 126 (1937). 
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itfidttctioa Products of the Estroge&s. When the IT-ketoestrogens 
are reduced in neutral or alkaJine solution, only the carbonyl group 
Is hydrogenated. Wltii estrone two epimeric estradiols are obtained, 
espedaily if the reduction is conducted in alkaline solution.^'* By frac- 
tional ciystallization from acetone and from alcohol, the mixture may be 
separated into «-estradiol (I), m.p. 176®, and j3-estradiol (XXXV), 
m.p.223®,‘ or, as Winterstdner has shown, the a-epimer may be iso- 
lated from the mixture by treatment in 80 per cent alcohol with digitonin 
with which it forms an insoluble precipitate. It is probable that the 




CiT — OH of a-estradiol is tram, and that of /S-estradiol os, to the 
Cis — CS 3 . The physical properties and the behavior towards dehydrat- 
ing agents of these epimers furnish the evidence for these configurations. 
o-Estradiol has a lower melting point, a lugher specific rotation, and a 
greater resistance to dehydrating agents than )S-estradiol. By analogy 
to the epimeric testosterones (p. 1504), a higher melting point, a lower 
specific rotation, and lower resistance to dehydrating agents indicate a 
da configuration of the Cn — OH and the C 13 — CH 3 groups. 

a-Estradiol has been isolated from the ovarian tissue of sows, from 
human placenta, and from horse testes;*’* it may be a true glandular sex 
hormone of other species, but this has not been demonstrated. Of the 
natural sex hormones, a-estradiol is the most potent estrogen known,* 
but its Ci 7 epimer, /5-estradioI, is even less active than estrone. 

Catalytic reduction of the IT-ketoestrogens in acid media results 
first in hydrogenation of the carbonyl group to a 17(a) — OH, then in 

Scburenk and Bndebrandt, Nalvrwiattjuchnften, SI, 177 (1033) ; Dirscberl, Z. 

Chem., SSO, 53 (1036) ; Wintersteiner, J. Am. Chem. Soe., 50, 765 (1037) ; Whitman, 
Wmterstdner, and Schwenk, J. BuU. Chem.. 118, 780 (1037) ; Butenandt and Goergens, 
Z> fkyndl. Chem., S4S, 120 (1037) ; Marker and Rohrmann, /. Am. Chem, See., SO, 2027 
( 1038) ; TJ. B. pota. : Scihvenk and Bradley, 2,072,830 ; Scbo^er and HUdebiandt, 2,086, 130 ; 
and BildoMandt and Sehwenk, 2,006,744. 

HacOmiaodale, Thtqrer, and Doiqr, Proc. Boe., SxpU. Biol. Med., 88, 1182 (1035) ; 
WeBterfeKt. MaoCorqaodele, Htsstm, and Doicy, J. Bid. Chem.., 118, 435 (1036) ; HuS- 

Thayer, and Dowy, «td., 138, 667 (1040); BeaU. Bioehem. J., 84. 1203 (1040). 

* Am even more potOnt aufahtance, CtsHaiOfN, from ovarian tiasue, waa reported by 
Aadrem and Feasai', Eploeriwiietu.tO, 663 (1036) ; but no furthw detaila have appeared. 
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hydrogenation of ring A, and finally in removal of the C 3 — OH.*™ In the 
hydrogenation of ring A new centers of asymmetry are formed at Ca, C 5 , 
and Cio; and thus eight hexahydro and sixteen octahydro derivatives are 
possible from estrone. 

Norestrane Derivatives. As mentioned earlier, nearly all the 
attempts to synthesize the sex hormones have failed. This has been due 
largely, to the difficulty of introducing both the angular methyl group at 
Ci3 and the carbonyl group at C17. Among these synthetic efforts, the 
transformations leading to the x-norestrane* derivatives deserve special 
comment. Robinson was the first to synthesize i-norequilenin and 
x-norestrane.*” Starting with methoxynaphthyldiketoheptoic add 
(XXXVI), prepared from furfurylidene-6-methoxy-2-acetylnaphthalene 
by boiling with alcoholic hydrochloric acid,"® cyclization to XXXVII 
was effected by treatment with dilute aqueous potassium hydroxide. 
The methyl ester of this cyclized acid was hydrogenated, and then 
cyclized again by heating with sirupy phosphoric acid. The resulting 
diketonic derivative of methoxynorequilenin (XXXVIII, R = CH3) 
lost the Cii carbonyl group on hydrogenation,! and from the reduction 
product a x-norequilenin was obtained by demethylation and oxidation. 

Treatment of the acid XXXVII with acetic anhydride cyclized it to 
XXXIX (R = CH3, R' = Ac) ; and this product, after conversion to the 
dimethoxy derivative (XXXIX, R and R' = CH3), gave a cyanoketone 
(XL) by reacting the corresponding formylketone with hydroxylamine. 
Through eilkaline hydrolysis, the cyanoketone was converted to the di- 
carboxylic acid XLI. This acid was hydrogenated in acetic acid with 
Adams catalyst to XLII. On pyrolysis of the lead salt of XLII, x-nor- 
estrone methyl ether (XLIII, R = CH3) was obtained in good yield, and 
demethylation gave x-norestrone (XLIII, R = H). Apparently, neither 
the x-norequilenin nor the x-norestrone obtained by Robinson is physiol- 
ogically active. 

Goldberg and Muller obtained x-norequilenin and active x-nores- 
trone derivatives in another way. Starting with l-ethinyl-6-methoxy-3,4- 

Dirscherl, Z. physiol. Chem., XS9, 53 (1938) ; Marker, Kamm, Oakwood, and Ten- 
dick, J. Am. Chsm. Soc., 59 , 768 (1937) ; Ruzicka, Mailer, and MCrgeli, Reiz. Chan. Acta, 
II, 1394 (1938) ; Marker and Rohrmann, J. Am. Chem. Soc., 60, 2927 (1938) ; 81. 3314 
(1939) ; 61, 73 (1940). 

* X Indicates an unknown sterie configuration. 

Robinson, J. Chem. Soc., 1390 (1938) ; Koebner and Robinson, ibid., 1994 (1938). 

Robinson and Rydon, ibid., 1394 (1939). 

Cf. Kehxer and I^er, Ber., 81. 1178 (1899) ; 34, 1263 (1903). 

t A similar elimination of a carbonyl group by catalytic hydrogenation has been 
reported by Marker and Rohrmann, J. Am. Chem. Soc., 61, 3314 (1939). In this case the 
compound was probably ll-ketoettuilenin, formed by chromic acid ozidatioB of equilanin. 

«” Goldbotg and MOUer, Reis. CWm. Acta, IS, 831 (1940). 
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dihydnauii^tbfllene (XLIV), partial hydrogenation gave the corre- 
sponding 1-vinyl derivative (KLY). By causing this product to react 
with a,/3-diacetyle1hylene, two adducts, XLVI and XLVII, were ob- 
tained. Both these were converted to the same diacetyloctahydro- 
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phenanthrene (XLVIII) by catalytic hydrogenation. On heating the 
higheivmelting adduct with sodium methoxide in benzene, l&^nethyblS- 
dehydro-a>norequilenin methyl ethw (XLIX or XLIXo) was obtained, 
and, on performing the same operation on XLVIII, 15^nethyl-15- 
dehydro-»-nc»esl!cone methyl ether (L car La, R *= CH®) was formed. 
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Bemethjiiaiitni of the latt» in the usual way gave the oorre^xmdiD^ 
idtenol (L or La, R H). The product was a mixture of isomers, 
hut in the phymological assay it was fotmd to have an activity of 
100pg./R.U. 

Synttietic Estrogenic Compounds. A variety of synthetic products 
with estrogenic activity have been discovered.**® Cook, Dodds, et oZ.,**‘ 
prompted by the observation that l-keto-l,2,3,4-tetrahydrophenan- 
threne {(^. XVI) produced estrus, examined a number of related com- 
pounds. Most of these proved to be inactive, or weakly active, but fur- 
ther search showed that certain 9,l(Mlialkyl derivatives of 9,10-dihy- 
droxy-l,2,5,6-dibenz-9,lft-dihydroanthracenes were potent, with the di- 
n-propyl derivative showing the maximum activity (0.5 mg. for estrus). 
Other alcohols such as l,2-dihydroxy-l,2-di-(a-naphthyl)-acenaphthene 
and diphenyl a-naphthyl carbinol were found to be weakly active,*®* but 
it was not until phenolic substances were studied that high estrogenic 
potency was obtained. The phenols examined were the mono- and 
dihydroxy derivatives of diphenyl,*®* and of various alkyl and aryl 
nucleaMubstituted diphenyl methanes and stilbenes.*** One of the 
most active of these was 4,4'-dihydroxystilbene (0.5 mg. for estrus), 
which was named stilbestrol.*' The C-alkylated stilbestrols proved to 
be far more potent than the parent compound, and utjjS-diethylstilbestrol 
(LI) was found to be equal in potency (0.3 /jg. for estrus) to the natural 
estrogens.*** Since diethylstilbestrol can exist in two steric modifica- 
tions (cis and tram), attempts have been made to isolate the two forms. 
These have failed, however, and the asi?iunption that a tram configura- 
tion is present in the active preparation seems to be unproved on the 
basis of the present evidence.! 

®®». Weaaely, Angew. Chem,, 63, 197 C1940), lists about sixty compounds. 

Cook, Dodds, Hewett, and Lawson, Proc. Roy- Soe. (London), 114B, 272 (1934) ; 
Cook, Dodds, and Orsenwood, ibid., U4B, 286 (1934) . 

*** Dodds, Relv. Chtm. Acta, 19, £49 (1936) ; Dodds and Lawson, Nature, 139, 627 
(1937). 

®* Dodds and Lawson, Proc. Roy- Soe. (London), 136B, 222 (1938). 

*** Dodds and Lawson, Nature, 139, 627, 1068 (1937) ; Dodds, FiUserald, and lAwson, 
ibid., 14fl, 772 (1937). 

* In tlie poi{rae of tlte early work a very potent subetanoe was occasionally obtained by 
alkaline dcDMrthylatioil of anetkole (4-propenyianisoi), a natural ether. This very potent 
prodnot has been identified as dibcrdrodiethylstilbestrol by Campbell, Dodds, and 
Lamon. prod Boy. Soe. (London), USB, 263 (1940). 

*** Dodili, Oeidbetf, Lawson, and Robinson, Nature, 141, 247 (1938) ; 141, 32, 211 
(19^ > Soe. (London), UTB, 140 (1939). 

t V. Weasely and Welleba, Ber., 74, 777, 786 (1941), pTMents evidence few 

tnm «|||j|Sc!a»tion of the known dietiiylstilbestrol. In particular, hydrogenation of 
tliftlisdetafwirtiaj cw of ite dimeUijd ether gives 88 and 97 per cent, respectively, of the cor- 
JWI^KUUiiDS racSBiic di%dn> products. Under the same conditions, the trane form of a,p- 
dbpelSylstilbeiia le converted in 98 per cent yield to the racemic a./S-^imethyldihydro' 
•IfiihMie, and the e» loua in 99 per cent yield to m«M.a,j9-dimetii3ddihydTostilbene. 
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That steric configuration plays a part in the activity is clearly brought 
out in the two isomeric di-(4-hydroxyphenyl)-hexenes of structure 
Lil.48e •j'jjQ higher-melting isomer, m.p. 153°, has approximately one- 
tenth the potency of diethylstilbestrol, while the lower-melting isomer, 
m.p. 143°, has an actmty of one-hundredth that of diethylstilbestrol. 
On treatment with iodine, both forms of the hexene are converted to 
diethylstilbestrol. A double bond in the aliphatic portion of the stil- 
bestrol molecule is not essential to high activity. This is evident from 
the fact that dihydrodiethylstilbestrol, or hexestrol (0.2 ng. for estrus), 
is as active as diethylstilbestrol itself.®' 

Practically, the discovery of the dialkylstilbestrols is extremely 
important since this group of compounds may be synthesized readily 
from available materials. The following general procedure has been used 
for the preparation of the C-alkylstilbesterols. Desoxyanisoin (LIII), 
on treatment with an alkyl halide in the presence of sodium ethoxide, 
is substituted adjacent to the carbonyl group and gives a ketone (LIV), 
which readily reacts \tith Grignard reagents to form carbinols (LV). On 
dehydration followed by demethylation, the dialkylstilbesterols (LVI) 
are obtained.* 


*•* V. Weuely and Eleedorfer, Naturviwnsehaften, 17, 567 (1939). 

Campbell, Dodde, and Lawson, Nature, 141, 1121 (1938) ; Kieaobbaum, Kleedorfer, 
PrilUnger, t. Wessely, and Zajic, Naturuiutense/iaften, IT, 131 (1939) ; I>ocken and %del- 
man, J. Am, Chem. 8oe., 61, 2163 (1940); Bernstein and Wallis, ibid., 61, 2871 (1940). 

* The preparation of a number of synfhetic estrocens na the route ketaaine — • asine 
teWahydride —* asine dihydride —* dipheiq^thane has been described by Breteohneider 
«f aL, Ber., 74. 671 (1941), and by Fdldi and Fodor. Ser„ 74, 589 (1941). 
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l>l|fflo]iDglcal R^tkMUii^s of Sstrofntis. In the estrone group 
ilh^aioloipcal activity is primarSy dep^dent on the presence of an 
hydroxyl group at Cg. For example, Bacfamann *“ has shown that 
eynihetie 17-eqailenone and C-hydroxy-lT-equilenone are inactive. 
Where an hydroxyl group is present at Cg, the degree of activity is de- 
pendant upon the steric configurations of rings B/C and C/D, and on 
the steric position of the hydroxyl group at C17. A irans configuration 
of rings B/C and C/D is essential for maxiinujn activity. This is shown 
by the relative potencies of equilin and isoequilin, or of the equilenins and 
the isoequilenins. The large difference between the potency of estrone 
and that of equilenin further illustrates the importance of the configura- 
tion of rings B/C. Similarly, the difference in potency of a-estradiol and 
of j9-e8tradiol shows the effect of the steric poation of the Cir hydroxyl 
group. In making these generalizations, it may be noted that the poten- 
des assigned to the several estrogens in Table X, and elsewhere, prob- 
ably do not express the ability of each compound to supplement defi- 
doicies due to glandular disfunction. 

In chnical use the natural and artificial estrogens have been widely 
onployed. To supplement or to replace the natural glandular secretion 
of hormones, various derivatives of the estrogens are injected or admin- 
istered orally. Because of its prolonged effect, the C3 benzoate of 
o-estradiol has been widely employed for intramuscular injections.^^* 
Other esters have been described,**® but none seems as satisfactory as the 
C 3 beiusoate. For oral use, estriol glucuronide and the 17-ethinyl 
derivative of estradiol, formed by the action of potassium acetylide on 
estrone in liquid ammonia,*" seem to be the most satisfactory of the 
derivatives which have been studied.* Diethylstilbestrol and related 
compounds are especially suitable for oral therapy, but their clinical use 
has been attended by a number of undesirable secondary effects.*** 


*>* Badimann and Wilds, /. Am. Chem. Soe., 61, 2084 (1040) ; Bschmann and Hohnes, 
aid., M. 27fi0 (1040). 

** David, ds Jangh, and Laqueoi, dre^. inlem, pharmacodvnamie, 81, 137 (1937). 

^ Dirs(Aetl, Z. phiaiol. Chem., SS9, 49 (1830) ; Miescher and Scholi, Heh, Chim. 


Aeta, M, 12S7 (1937) ; Micocbei, SehoU, and Tscbopp, BiocMem. J ., SS, 1273 (1038) ; 
Mai’icsr and Robnnann, J. Am. Chtm. Boa., U, 1027, 2074 (1939) ; U. S. pata. : Adh and 
XKnadMri, 3,031,58^1 Sihirenk and Hildri»andt, 3,(»3,487; BUdebrandt and Bohwank, 
3,15<U73; Stdiob, 2,156,599, and 2,160,565; and Wcm, 2,167,132. 

Ijl)offiii(i,yaiilwinTin, HdUwes, and Serini, Ber., 71, 1024 (1938). 

*Froni fliig'ltdHrous growth at the end of the roots of the rare raeeping vine, Bvtea 
miperba, iail|||ili|Mas to the northern part of Thailand, a substanoe oalled tokokinln, 
260°, has been isolated. Tlds compound is twice as active as estrone 
wfean ||^ji|i.'2ilt*i iitiiiiinsiilji and one hondred times as active when given orally. Pro- 
limilH^j^^iU 9 ^BtigBtions of the phyaiologioal effects have been reported by S^osUw, 
Dohltilr^i^'fiohlweig, Jfatiirw iwntit diiiftfn, W, 532 (1940), and of the ehemioal study by 
BuMMit. aid., SB. 538 (1M(», . 

of., AtUnson, BmlfprMlotp, VfMBl (1940) i V. Wessely, Angne Chtm., 88, 
' ); Shorr, Bobigaim, sOMf F^p«mioDb^ /, Am. ATsd. Attee., Ill, ^12 (1088). 
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The excretion of the estrogens in the urine is usunBy in tiie fonn of 
oxidized rather than hydrogenated compounds. As mAnt.i^iT> e d earlier, 
some of these are excreted as j^ucuronides and some as solfates. In 
addition, small amounts of two isomeric forms of estranediol have been 
isolated from normal female urine, and A®’^’®-estratrien-3(/3?)-ol-20K)ne 
from mares’ pregnancy urine.*** The isolation of these compounds prob- 
ably indicates that the body is capable of hydrogenating ring A <rf the 
estrogens. 

Progesterone and Pr^inane Derivarives 

In the sexual cycle of the female the estrogenic hormones brin g the 
animal into heat and, at the same time, an ovmn begins to mature. At 
the time when the ovum descends into the uterine passages, the corpus 
luteum, a small yellow body in the ovary, begins to produce the hor- 
mone progesterone. Just as the estrogenic hormones bring about a con- 
dition favorable to mating in the female, so does the corpus luteum hor- 
mone by causing a proliferation of the endometrium (the lining of the 
uterus) create a condition ideal for the implantation of the fertilized 
ovum. If implantation occurs, the corpus luteum persists and continues 
to furnish its hormone during mc^t of the remainder of pregnancy in 
the majority of species. In the absence of implantation the corpus 
luteum degenerates and the animal once more comes into estrus or lapses 
into anestrus, depending on the nature of her cycle. So, through the 
complementary action of the estrogenic hormones and of the corpus 
luteum hormone, the sexual cycle in females is controlled. 

The isolation of progesterone * was made possible by Comer and 
W. M. Allen *•* through the development of a biolopcal test to measure 
its activity. In this test a female rabbit is castrated a day after mating 
and an oil solution of the hormone or hormonal preparation is injected 
subcutaneously each day for five days. A total of 1 mg. (1 rabbit unit) 
of pure progesterone brings the endometrium into complete prolifera- 
tion, which is easily recognized in a histolo^cal section from the uterus 
of the animal on the axth day. Clauberg *** has developed a modifica- 
tion of this test by using immature rabbits and preparing them for the 
assay by maturing the uterus through injection of estrogenic hormones. 
Progesterone has no effect ou the uterus of immatiue rabbits. 

• *’• Marker, Rohrmann, tawaon, and Witfle, J. Am. Chem, Soc., 60, 1901 (1938) ; 
Heard and MeKay, J. BM. Chem., 188, 801 (1940). 

* The name proceiterone waa adopted by international agreement [ABen, Butenandt, 
Comer, and Stotta, Seienee, M, 163 (1936) ; Btr., 68, 1746 (1935) ; Nature, 186, 303 (1936)]. 
Prior to Uiia it waa known aa progeatin, the oorpua luteum hormone, or luteoaterone. 

*** Comer and Allen, Am. J. Phyaiot., 86, 74 (1928) ; 86, 320 (1929) ; Alien ai«l Comer, 
Md., 88. 340 (1029). 

*** See dauhetg, "Die weibUefae SezuaAonmmie," Sprinter, Beriio (1083) ; Botenaadt, 

WaatiAal, and Hohlweg, Z. phymoi. Cheat,, Mn, 84 (1S8D< 
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lad&tioii of PtogeBieToiie. Following the development of the Allen* 
Ooraer test, AUen isolated potent fractions from the corpus luteum 
of pr^nant sows, but the isotetion of the pure hormone was first an- 
nounced by Butraiandt.*" Shortly after this Slotta et d.,*** Allen and 
Wintosteiner,*” and Hartmann and Wettstein also described pure 
preparations. The hormone occurs in two crystalline modifications: 
o-progesterone, m.p. 128.5“ (prisms), and /9-progesterone, m.p. 121“ 
(needles), both of the same physiological potency. By refined pro- 
cedures for the isolation of progesterone, 20-30 mg. of both forms of the 
hormone may be isolated from 250 kg. of sows’ ovaries.*" Accompany- 
ing progesterone in the extracts is a small amount of allopregnan-3 
(^)-ol-20-one {cf. formula LX), winch is probably a biochemical reduc- 
tion product of the hormone.*®* 

The Structure of Progesterone. The hormone progesterone, 
CaiHaoOj, is a diketone with strong absorption at 240 mu (a,^-imsat- 
urated ketone). The structure of the hormone was first suggested by 
Slotta,*** but the proof of this constitution is due largely to Butcnandt.*®* 
In the work which established the sttncture, stigmasterol (p. 13%) was 
converted through the acetate of 3(/9)-hydroxy-A®-bisnorcholenic acid 
(LVII) to A®-pregnen-309)-ol-2O-one (LVIII). Origmally, the latter was 
oxidized and rearranged to progesterone (II) by direct oxidation with 
chromic acid *** or with copper oxide.** Subsequently, the conversion 



Allen, J. Biol. Ckem., *8, 691 (1932). 

Butenandt, Yerhandl. detU. Get. inn. Med, (April, 1934) ; Butenandt and Westphal, 
Bet., C7, 1440 (1934); Butenandt, Weatpbal, and Hohlwes. Z, phyticl. Chem., 937, 84 


(1934). 

«• Sloidm Baschi*. and TeU. Ber., VI. 1624 (1934) ; ef. NeuJiau#, Ber., 97, 1627 (1934). 
«* Allen and Wintarrteiner, Science, 80, 190 (1934) ; Winte»teiner and AUm, J . Btoi. 


Ch»m„ UT,|21 (1934). 

and Wettetein. Heb. Chim. Ada, 17, 878, 1366 (1934); U. S. pata.: 
2,002,9fMM*x» 31.064) and 2,092,463. 

laad (Soeteoh, J. Biol. Chem., 119 , 638 (1936); Butenandt wid Wettphal, 

^-MPao36). . 

dt and Mamcrfi, Ber., 87, 1897 (1934) ; Fwnhol*. Z. phytioL Chem., 880, 

mil; 

' ^glotta. Busdiig, and F«b, Klin. Woehtohr., IS, 1207 (1934). 

WB^MUHidt, Weripbal. and CoUer. Ber., 87. 1611 (1934). 

^BntMaadt et. oL, Ber^ 9t, 1001, 3S9B (1934). 
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has been carried out by bromination, followed by oridation and debrran- 
ination,*®* and by dehydrogenation and rearrangement with Oppenauer’s 
reagent (aluminum alkoxides)*®^ or with metals such as platinum 
black.*®* Progesterone may be prepared also by brominating 3,20- 
pregnanedione (LXIV) at C* and removing hydrogen and bromine by 
treatment with pyridine.*®®* * 

Pregnane and ilSopregnane Derivatives. Progesterone is but one 
of a group of saturated and unsaturated steroids derived from the hydro- 
carbons, pregnane (LIX), m.p. 83.5°,‘‘® and ollopregnane (LX), m.p. 
8-l°.*‘‘ Some of the naturally occurring members of this group are bio- 



IX8L. PrecnBiiB 7y«-dn><u>regiiaTO 


logical reduction products of progesterone and usually are found in preg- 
nancy urine. In addition, many of the adrenal substances (p. 1510) are 
also derivatives of this group. The preparation of the pregnanes from 
other steroids usually is involved. From the pseudosapogenins (p. 1462), 
however. Marker *“ has shown that the side chain may be removed by 
oxidation to give excellent yields of A^®-pregnenolones, and, from these, 
various substituted pregnanes and afiopregnanes may be obtained. In 
Table XI the more important members of this group are listed together 
with their sources. 

Femhol*. Ber., 67. 1865, 2027 (1934). 

Oppenauer, Rec. trav, chim., 66, 137 (1937). 

*“ Marker and Krueger. J. Am. Chan, floe., 61, 3346 (1940). 

swButenandt and Schmidt, B«r., 67, 1901, 2088 (1934); Sermi, Straadiergar, and 
Butenandt, U. S. pat., 2,153,700. 

* Cf. p. 1506 for other methods of preparing progesterone. The conversion of chdles- 
teroi to progesterone by direct oxidation has been described by Tavaatshema, Arch. Set. 
Bid. (U.a.SJt.), 40, 141 (1936) [C.A., SI, 6670 (1937)1, and by Spidman and Meyer, 
J. Am. Chan. Soe., 61, 863 (1939). The latter authors report a 0.3 i>er cent yield of mide 
progesterone. The hormone has been obtained also by Dirsoherl and Hanusch, Z. pkgtioL 
Chan,, 167, 49 (1939), from chedestenone dibromide or from cholestenone. 

'‘® Butenandt, Hildebrandt, and Br&cher, Ba., 64, 2529 (1931). 

Stdger and Beichstein, Ndvrt, 141, 208 (1938) ; Marker elei., J. Am. Chan, Bog 
60, 1061 (1938). 

•“ Into- el.. Marker, /. Am. Chan. Soe ., «, 3350 (1940). 
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TABLE XI 

VsnaiAiim turn ASonaanun DuKvAimn * 


1 

ComiKittad 

M.P. 

•C. 

SourM w Deriyfttii» 


VnaatmaM Diateokelt, CuJffuOt 

A'-pTegti«iie-3(/}),20(a)-diol j 

176 

Malta’ prtgoaaey urine. 


DialeaiuAt, C»HmOi 

3(a) ^(a)-Fr^:iUhnediol 

1 

1 

236 

Pregnancy urine of women, cows, end maxes; 
urine of women during secretion phase of men- 
struel cycle; bulls' urine; Na-EtOH reduction 
of A"-pregnene-3,20.dione. 

3(<t)^(/})-Pragiianediol 

231-234 

E(Pt) reduction of pregnen-3(a)-ol-20-one in 
neutral or acid media. 

30S),20(a)-Pr(«nBiU)diol 

182 

1 

H(Pt) reduction of pregnan-20(a)-ol-3-one in 
acid media. 

3(/})^(A>PteKnaixediQl 

174-176 

E(Pt) reduction of 3,20-pTegnanedione in acid 
media. 

3(a) ^(a) •AtZopreenanediol 

248 

1 

Pregnancy urine of women, cows, and mares; 
urine of women, stallions, and bulls. 

3(a) ,20(^'^2Iopregiuaiediol 

207 

H(Pt) reduction of a^pregnnn-3(a)-ol-20K}ne in 
aeid media. 

3(0) ,20(a)-ABopreea»ttediol 

216 

Na-EtOH reduction of A'‘-allopregnene-3,20-dione 

3(0) ,2O(0)~Attopreenaitedial 

192-194 

E(Pt) reduction of 3,20H2lfopregnanedione in 
neutral media. 


Kelonic Altoholt, CtiHuOt 

Pl«<iun-3(a)-ol'20-cnie 

144 

Pregnancy urine of women and sows; partial hy- 
drogenation in neutral media of 3,20-preg- 
nanedione. 

Pnc&a&-3(^)^20-oiie 

149 

Partial hydrogenation (Pt) in acid media of 3,20- 
pregnanedione. 

Pr«giiaii-20(a}-<2l-3-one 

162 

Oxidation of Cisestert of 3(a),20(a)-pregnBne- 
diol. 

Pt«ciiaii-20(/8)-ol-3-oiie 

172 

Oxidation of Cts esters of 3(^,2O(0)-pregnane- 
diol. 

il2l0pragiiBn-3(a)>ol-2OHiiw 

176 

Pregnancy urine of women; oxidation oi Ci 
esters of 3(a),20(a)-aliopregnanediol. 

iiflopre8nan-3(/3)-ol-20-oae 

194 

Corpus luteum of sows and cows; adrenals of 
cows; maree’ pregnancy urine; sows' urine; 
degradation of stigmasterol 

ASapt«gixaii-20(a)-ol-3-one 

128 

Oxidation of Cw esters of 3(a),20(a)-a2iopreg- 
nanediol. 

Allat»raBium>900S)-ol-S-<>ne 

195 

Oxidation of Cm esters 3(ff),2O(0)-aIlopTtg- 

nanediol. 




118 

Pregnancy urine of mares; CrOi oxidation of 



3(a),20(a)-pregnaaedioL 

3,a(KitliBjplUMdi(»« 


Pregnancy urine of mares; CrOi oxidation of 


■■ 

3(a) ,20( a)-aZZopiegDanedioI. 


WMhtfamltoha ttoLfJ. Ant. Okm. Aie., M,2m (1937); M.S88 (1989): M, SIS, <98 (1910)! aiul 

( 1940 ), 
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Of the urinary pregnanes, 3{a),20(a)-pregnanediol (LXIII) is present 
(as the glucuronide) during pregnancy in the largest quantity, and was 
the first to be isolated.®** Its nuclear structure has been determined by 
the conversion of the diol to pregnane no 3,20^pr^nanedione,*“ and the 
hydroxyl groupw have been allocated most simply by the conversion of 
the latter to progesterone. The preparation of pregnane from etiocholyl 
methyl ketone by Clemmensen reduction has established the spatial con- 
figuration of the nucleus.®*® Early in the study of the diol, an a-con- 
figuration of the Ca — OH group was indicated by the failure of 3 (a) ,20 
(a)-pregnanediol to form an insoluble digitonide, and this has been con- 
firmed by chemical transformations. The steric position of the C 20 — OH 
group cannot be determined unequivocally, but Marker ®** has suggested 
that this be regarded arbitrarily as having an a-configuration. Study of 
the four theoretically possible epimers of pregnanediol has shown that 
this convention is satisfactoiy. 

The natural 3(a),20(a)-pregnanediol cannot be prepared by hydro- 
genation of 3,20-pregnanedione (LXIV) but has been obtained only by 
reduction of A*®-pregnen-3(a)-ol-20-one acetate (LXIIa) with sodium 
and alcohol.®*® The enolone has been prepared from pseudoept^rsa- 
sapogenin acetate (LXl) by chromic acid oxidation at room temperar 
ture. When pseudosarsasapogenin acetate, rather than the pseudoepisa- 
pogenin, is oxidized with chromic acid, A^®-pregnen-3(^)-ol-20-one 
results, and from this 3(/9),20(a)-pregnanediol is obtained on reduction 
with sodium and alcohol.®** Catalytic hydrogenation of 3,2ft-pregnane- 
dione (LXIV) with platinum as the catalyst leads to the formation of 
3(a),20(|8)-pregnanecliol (LXVI) in acid media, and to the production of 
3(|3),20(/3)-pregnanediol (LXVIII) in neutral media.®*® In both cases the 
3-carbonyl group is hydrogenated first, and the intermediates, preg- 
nan-3(a)^l-20-one (LXV) and pregnan-30S)-ol-20-one (LXVII), are 
readily obtained by partial hydrogenation. The A*®-pregnenolone8 are 
reduced in the nucleus if a paUadixun-barium sulfate catalyst is em- 
ployed, and are completely hydrogenated with the formation of a 
)3-configuration of the C 20 — OH group if platinum is used. Thus, A“- 
pregnen-3(a)-ol-20-one (LXII6) with palla^um-barium sulfate catalyst 
is hydrogenated to pregnan-3(a)-ol-20-one, and with platinum catalyst 
is reduced to 3(a),20(/S)-pregnanediol (LXVI).®** By analogous pro- 
cedures the epimeric oKopregnanediols and a/topregnanolones have been 

“» Marriwi, JS«x*em. IS, 1090 (1929) ; Butenandt, Ber., 68, 659 (1930) ; Dinaemanae 

et ai,, JOeid. med. Wochtdir., 66, 301 (1930). 

®** Butenandt, Hildebrandt, and BrOoher, Ber., 64, 2529 (1931), 

•** Marker et. al.. J. Am. Chem. Soc., W, 2291 (1937) ; Marker and Lawson, Aid., 61 , 
688 (1930). 

'** Markw end Rohimann, ibid,, 68, 518 (1040). 
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prepared from 3,20-aZ!c^r^Daiiedione and from the A*®-(iBopregnai- 
olonra.‘«’ »” 

From these results, largely due to Marker and co-workers, it is evident 
that catalytic reduction of the ketonic pregnanes in different media 
produces a ^configuration of the C20 — OH group, and that only by 
alka l in e reduction with sodium and alcohol can an o-configuration be 
obtained. Generally, in the reduction of the C3 carbonyl groups, iso- 
meric mixtures are formed, with acid media leading to a predominance of 
the compound with a cis relationship between the C3 — OH and the 
C5 — ^H, and with neutral media giving a larger proportion of the com- 
pound with a trans relationship of these two centers of asymmetry. 
Thus, von Auwers-Skita’s rule (p. 1373) holds qualitatively. By heating 
with sodium and xylene, the C3 — OH groups can be epimerized in the 
normal way so that the compound with a trans relationship of the 
C3 — OH to the Cs — H predominates, but the C20 — OH groups cannot 
be epimerized in this way. The C3 — OH groups, whether in a- or 
/3-configuration, are always more reactive than C20 — OH groups in either 
configuration. Because of this difference in reactivity, it is possible with 
the pregnanediols to acetylate preferentially a C3 — OH group or to 
deacetylate selectively a C3 acetate without affecting a C20 acetate. 

In addition to the urinary pregnane derivatives given in Table XI, 
3(a),16,20-aHopregnanetriol (LXIX) has been isolated from pregnancy 
urine.*'* When the triol is heated with aluminum isopropoxide, oxida- 
tion and dehydration take place, and A^®-flHopregnene-3,20-dione 
(LXX) is obtained.*” The same product is formed by oxidation of 
pseudotigogenin with chromic acid under mild conditions. The dehy- 
dration, with involvement of the Cie — OH group in these two transfor- 
mations, apparently is related to the steric configuration of rings A/B. 
In contrast, 3(/3),16,20-pregnanetriol (LXXI), formed by oxidation of 
pseudosarsasapogenin, is oxidized and dehydrated by aluminum iso- 
propoxide to A'^^^*-pregnene-3,16-dione (LXXII). 

When aW<?pregnan-3(^)-ol-20-one, m.p. 194.5°, [ajn + 90.8°, is re- 
fluxed in 5 per cent methanolic alkali, a rearrangement occurs, and 
an isoolfopregnanolone, m.p. 147-148°, [a]D + 6°) is formed in about 
30 per cent yield.”® The change is reversed by the addition of add, 
and is easily followed by measuring the’ optical rotation of the solution. 
The conversion has been demonstrated also for oMopregnanolone — > iso- 
olfopregnanolone, 3,20-pregnanedione — * 3,20-isopregnanedione, and A*- 

Hartmann and Looher, Helx. Chim. Acta, 18 , 160 (1935) ; Market and Rohrmimn, 
J. Am. Cbem. Soc., 61, 808 (1040). 

»“ Haalewood. Marrian, and Smith, Biochem. J., 88, 1316 (1934) ; Odell and Marrian, 
J. Biol. Chm., US. 333 (1938) ; Marker and Wittie, J. Am. Chem. Soe., 61, 865 (1939). 

**’ Marker and Tumor, ibid., 68, 2640 (1940). 

*** Butenacdt and Mamoli, But., 68, 1847 (1936). 
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I»ngSBe&d(me -* A* w^uegnenedione; Uie clmage ist^oogestenme — » pro- 
g^texme has been realized, but not the reverse.*** The isomerization 
apparently involves only the rearrangement of the Ci? — COCHa group, 



U3X.1 (a),U,Z>-'^a<vra>iianeMal 


TJT. A'*‘i^nD|]reKniuie4.2041oiia 



T.TTf- j (/J IJOJIKPreciiuMtcltfl mni. A”*”’-PTe8nena4.18.<llnne 

(proTtolonal) 



T.TxrV - Aii<iro«lu47( a)«l LXZV, PrecuD- 
■c a tMM ZI«l-9).onB 

■cetatM 


liXVI. 

Baocboliuilc 

acl<l« 


omnpolinds with a ^-configuration of the Cs — OH group do 
W ioaoluble digitonides. 

stirred at 25" in acetic add solutimi with persulfurio add 


^^Buteaaadt aod IHKOtw. Aw*, 70, 96 (1937); fiutauuult, Sahioidt-Tl>oin6, and 
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(Caro’s reagent), the 20-pregnanone8 (LXXIII) are converted to a mix- 
ture of aadro8tan-17(o!)-ol acetates (LXXIV) and pr^piaii-21-ol-20-one 
acetates (LXXV).“® Both are obt^ed in about 30 per cent yield. The 
reaction affords a direct transition from the pr^nanes to the androstanee 
(p. 1499) and, by oxidation of the pregnan-21-ol-20-ones, to the etio- 
cholanic acids (LXXVI). The mechanism of the transformation is 
obscure, but Baeyer and Villiger,“* who discovered the effect of Caro’s 
reagent on ketones, have suggested that a polymerized peroxide is an 
intermediate product, and that the rearrangement of the peroxide may 
be analogous to the Beckmann rearrangement of oximes. 

The Pregnenes. The methods of introducing unsaturation in^the 
pregnanes are essentially the same as those discussed in connection with 
the other steroids. Thus, from 2-bromoaitopregnane-3,20-dione, 
A^-aZlopregnane-3,20-dione is obtained by heating with pyridine bases, 
and A-A'-aZlopregnene-3,20-dione by reacting with potassium acetate.”* 
As mentioned earlier, A^-pregnene-3,20-dione (progesterone) is formed 
when 4-bromopregnane-3,20-dione is treated with p 3 Tidine. Because 
of the importance of progesterone, a number of ingenious methods have 
been developed for its production or for the production of the inter- 
mediate A®-pregnen-3(/3)-ol-20-one. Although this intermediate may 
be isolated from the mixture obtained by the oxidation of 5,6-dibromo- 
sterols, the yield is low and the isolation involved.*** More satisfactory 
is the degradation of 3(^)-hydroxy-A®-bisnorcholenic acid by Barbier- 
Wieland’s method (p. 1357) or by Curtius degradation via the azide 
through the Czo amine and the C 20 alcohol.*** Preferential hydrogenar 
tion with palladium-barium sulfate of a Cie ethylenic linkage in A®”®- 
pregnadien-3(i3)-ol-20-one, formed by oxidation of pseudodiosgeniu 
derivatives, leads also to A®-pregnen-3G9)-ol-20-one.*** The most satis- 
factory method of dehydrogenating and rearranging pregnenolone to 
progesterone is by the use of Oppenauer’s method. If quinone is used in 
place of acetone or cyclohexanone as the hydrogen acceptor, dehydro- 
genation at C« takes place in addition to the normal change and 6-dehy- 
droprogesterone is formed.*” Other transformations leading to the 
pregnenes are discussed in connection with the members of the andro- 
stane group and of the adrenal substances. 

•» Marker ei al., J. Am. Chem. Sac.. SS. 850, 2543 (1940). 

*» Baeyer and Vmiger, Ber.. S3, 3625 (1899); S3, 858 (1900); ef. Rollett and Bratko, 
MonaUdi., 48, 685 (1922); Ruaicka and Stoll, Beb. Chtm. Ada, 11, 1159 (1928). 

Fuji! and Matsukawa, J, Pham. Boe. Japan, 56, 24 (1936) [CAem. Ztntr,, (II) 1354 
(1936)1 : Runoka and Fioidier, Heh, Chim. Acta, 16, 1291 (1937). 

*** RbrhaTt, Ruselug, and AumQller, Attfcw. Chem., 63, 363 (1939) ; Bookinfilil, Ehrkart, 
and RuacMs, U. S. pat. 2,108,646. 

*“ Marker and Krueger, J, Am, Chem, Boe,, 63 , 3349 (194(J). 

*” Wettatein, Bcb). Chim. Ada, 38, 888 (1940). 



1496 


ORGAjgiC CTEMISTRY 


UfBQe DeiivfttiTes. Frmn the residues of the extracts of maree’ preg- 
uiKBey urine, Marko* and co-workers “* have isolated two compounds, 
triiich are fOTuauIated proviraonally as 303),ll-uranediol (LXXVIII) and 
3(i9(),ll,20-uranetriol (LXXJX). Urane, m.p. 128®, the parent hydro- 
csurboB, is regarded tentatively as being epimeric at C9 with pregnane. 
The evidence for this isomerism comes largely from the study of urane- 
trione, the triketone from uranetriol. All the hydroxyl groups of urane- 


CT, 

CHOH 



T t T v i n 8(^)4l-nnniedlal 
(proTlsiooal) 


CHi 


CHOH 



IJ:nX.3(a),ll. ».Uraoetrlol 
(ptDTlsiooa}) 


triol can be acetylated, but one of the carbonyl groups of uranetrione is 
unreactive. This suggests attachment of the unreactive carbonyl group 
at Cn or C12, as has been noted with other steroids (p. 1516). Urane- 
trione is not changed by boiling with acetic acid-hydrochloric acid, but is 
converted to a mixture on refluxing with methanolic alkali. The effect 
of the alkali may be to cause a partial epimerixation of the C9 — H 
(</. oZfohyodesoxycholic acid, p. 1420). Consistent with this, when 
uranetrione is hydrogenated with platinum in acetic acid and the product 
oxidized with chromic acid, a mixture of 3,20-pregnanedione and urane- 
dione, identical with the oxidation product of natural uranediol, is 
obtained. Since uranetriol does not and uranediol does give a precipi- 
tate with digitonin, opposite configurations of the C3 — OH groups are 
assigned. 

Phys^logkal Belatioiishjps of Progesterone. For several years 
after th^ isolation, progesterone and its enol acetate were the only 
known compounds with progestational activity. It is now evident 
that certain modifications of the molecule may be made without dratroy- 
ing its physiological activity, but that retention of the Cs carbonyl 
grou|4.m conjugation mth the double bond at C4 : Cj is essential 
for If the double bond at C4 : C# is shifted to Ci : C2, to 

Msrher «( <0., J. Am. Chem. Boe^ M, 210. 1061 (1038) ; 61, .2710 (1030). 
iVuterwMMnwft^Ocn, 26, 690 (1086). 
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Cg ; C«, or to Cis ; Cn, activity is completely destroyed.*** Ii^th the 
structure of ring A constant, introduction of a double bond at or of 
a 6 (a?)-hydroxyl group (as acetate),*** decreases the activity to one-half 
and one-third, respectively. The presence of an hydroxyl group at Cu,*** 
or of a carbonyl group at Cg®* or at Cn,*® destroys activity. Modifica- 
tion of the Ci 7 side chain leads to a variety of effects. Hydrogenation 
of the C 20 carbonyl group destroys potency, “* as does the introduction 
of an hy^oxyl group at C 17 [1703)-hydroxyprogesterone],“® but an 
hydroxyl group at C 21 ( 21 -hydroxyprogesterone acetate) does not 
destroy activity.*** Shortening or lengthening the C 17 side chain by a 
methyl group ( 20 -norprogesterone and 21 -methylprogesterone) de- 
creases the activity to one-tenth, and lengthening by an ethyl group 
(21-ethylprogeaterone) destroys activity completely.®* Isorherization 
of the Ci 7 side chain (isoprogesterone) likewise apparently destroys 
activity. Expansion of ring D into a six-membered ring (neoprogester- 
one, p. 1526), by incorporation of part of the C 17 side chain with a shift 
of the carbonyl group to C17, also destroys potency. Thus, the enol 
acetate of progesterone is the only compound with potency nearly equal 
to progesterone itself. In addition, testosterone and a number of 17- 
alkyltestosterones (p. 1505) have slight progestational activity. Im- 
portant among these is 17-ethinyltestosterone, which has progestational 
potency when administered orally.®* 

In women, progesterone is formed solely by the corpus luteum dur- 
ing the second half of the menstrual cycle and during the first few months 
of pregnancy. After the second or third month of pregnancy, the plar 
centa becomes the principal site of progesterone formation, and this 
transition is a critical phase in gestation.”* With the development of 
the placenta as a source of the hormone, the amount of reduction prod- 
uct, 3 (a), 20 (a)-pregnanediol, excreted in the urine gradually rises from 
1-8 mg. per day to a level of 60-100 mg. per day at the end of preg- 

Butenandt and Mamoli, Ber,^ 68 . 1830 (1935) ; Buienandt and Schxnidt-Tlioin5. 
Ber., 69, 882 (1936) ; Butenandt, Mamoli, and Heuaner, Ber., 73, 1614 (1939). 

Ebrenstein and Stevens, J. Org. Chem., 6 , 318 (1940). 

••• R<Hohatein and Fuehs, Beta. Chim. AeUi, 93, 664 (1940). 

Ehrenatein, J. Org. Ckem., 4, 506 (1939). 

Butenandt and Schmidt, Ber., 67, 2088 (1934). 

Pfiffner and North, J. Biol. Chem., 138, 459 (1940). 

de Fremery and Spanhoff, Acta Brema Ifeerland. Phj/nol. Pharmacol. Microbiol., 9, 
79 (1939) [C. A., 83, 4299 (1939)]. 

Miescher, Hunziker, and Wettstein, Hdo. Chim. Acla, 83, 1367 (1940) ; Wettstein, 
ibid., 98, 1371 (1940). 

n* Inhoffen et. al., Ber., 71, 1024 (1938) : Ruzicka, Hofmann, and Meldabl, Hein. Chim. 
Acta, 91, 372 (1938) ; SotIiu and KOster, Ber.. 71, 1766 (1938); Inht^on and KSeter, Ber. 
73, 595 (1939) ; Hohlweg and InhoBen, Klin. Woduehr., 18, 77 (1939). 

*** Review: Weatphal, Naluruneaeneohaflen, 88, 461 (1940). 
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lUKDci*'.*** 'Fbe of eoamraoa of pit^estercme to iveg^aoediol ia not 
metaia., but tisually the mdometrium is regarded as an important tissue 
in the reduction.*" In any event, after reduction pregnane^ol glucunui* 
ide is excreted in the urine and may be retracted with butanol.*® Tlie 
origin of the other urinary compounds of Table XI and the form in 
which th^ are excreted are uncertain. 

The Androgenic Hormones 

From the urine of males, femalra, and eunuchs, and from testicular 
extracts, a number of hormones have been isolated which, when injected 
into castrated or immature males, bring about the restoration or develop- 
ment, respectively, of the latent secondary sexual characteristics. As 
with the estrogens, it was essential to have a biological method of assay 
for the isolation and study of these male hormones. The first feasible 
method was one developed by Gallagher and Koch,*** in which the effect 
of the hormone on comb growth in capons is measured. At present the 
unit of activity (international comb unit) has been defined by interna- 
tional agreement as 0.1 mg. (100 ng.) of the male hormone, androsterone 
(Gr.: andro, male).*** The assay is carried on in two groups of standard- 
ised capons, one with the standard hormone, the other with the substance 
under investigation. The growth of the comb is determined by means of 
a dhadowgraph or by direct measurement of certain portions of the 
o^b. 

In a second method of assay, the rffect on the accessory sex organs 
in castrated and immature rats (or mice) is measured. The assay is not 
as well defined as that on capons, and in this discussion only the values 
obtained by the methods of Butenandt and Tscherning *** and of 
Tschopp •** will be cited. In the Butenandt-Tscherning method imma- 
ture rats (4 weeks old) are injected with a solution of the hormone in 
sesame oil for eight successive days, and on the ninth day a histologica] 
examination of the seminal vesicles is made. By varying the level at 
friiich the hormone is injeseted, that concentration which brings about 
development of the seminal vesicles comparable to that of control rats is 

*“ Vending, /. Biol. Chem., 09, C97 (1938). 

Ml •V anning and Browne, Am. J. Phj/tUi., US, 206 (1638) ; HamUen, Ashley, and 
Baptist, Bndoorinoloty, S4, 1 (1M6) ; Buxton and Westphal, Proc, Soc. Mxptl. Biol, iltd., 
41, 284 (1936). 

M> yoBsing and Browne, Proc. Soc. ExpB, Bid. Hoi., 84, 792 (1636) : Odell and Mar- 
Hnn , SlpAem. SO, (1636) ; Venninc, J. Biol. Chem., 119, 478 (1637). 

M* oidlaidinr and Koah, J. Pharmacol., 40, 327 (1630). For review of the teat, see 
Opstamm, ‘Chapter %iy, in Allen, “Sex and Internal Secretions," 2nd ed., Williams and 
WBidns Co., BaitimoK (163^. 

, Tsi&eniing, Ber., 46, 679 (1936). 

(^Thdiopp, AraA. iTiicm, pharmaeoiifrtamie, (f, 381 (1036). 
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determiaed. In the test of Tschoj^, rats are castrated 'ndiile immature 
and, after thirty days, are injected subcutaneously once a day for ten 
days with an oil solution of the hormone. At the end oS tlie ten-day 
period, the animal is killed, and the seminal vesicles and the prostate are 
weighed. The daily level of hormone necessary for the development of a 
seminal vesicle weighing 40 mg. is determined either directly or by extra- 
polation. The results in both cases are expressed as rat units (R. U.), 
but the values from one assay eu« only qualitatively comparable to those 
of the other. 

The natural androgens and their numerous transformation products 
are derivatives of etioallocholane (LXXX). This hydrocarbon was not 
known prior to the work on the androgenic hormones; it melts at 45-50“ 
as against 79-80“ for the isomeric etiocholane.*** The physical proper- 
ties and the physiological potencies of the important natural and derived 
androgens are given in Table XU. 

Isolation of the Urinary Androgen. In 1931-32 Butaiandt**’ 
reported the isolation of three compounds from the oil obtained by 
extracting male urine which previously had been boiled with hydrochloric 
acid. The substance obtained in largest quantity (20-25 mg.) was an 
hydroxyketone, C 19 H 30 O 3 , to which the name androsterone was given. 
In analogy to the estrogenic hormones, Butenandt suggested a stoio- 


CH« 



(ADdrosUDe) 


ture for androsterone, in which the functional groups were correctly dis- 
tributed but in which the spatial configurations were in error. Plausi- 
bility was given to this suggestion by the discovery that a completely 
reduced estrone, octahydroestrone, hsid male hormone activity.*** At 
this point, Ruzicka“® converted the acetate of dihydrocholesterol, by 

*** Butenandt and Teoherning, Z. physiol. Chem., 2S9, 18S (1034) ; Beicbstein, Hds. 
Chim. Ada, 19, 079 (1036). 

**’’ Butenandt, Z. angein. Chem., 44, 90S (1931) ; Angew, Chem., 46, 6S5 (1932) ; NaitBre, 
ISO, 238 (1932). 

«» Butenandt, Wiea. Klin. Wochsohr., 4T. 935 (1934). 

Schoeller, 8(diwenk, and Hildelnandt, Nalxtrunssenschaften, U, 2SS (1933) ; DinohHl 
and Voae, ML, tt, 315 (1934). 

Ruticka, Otddberg, and BrOngger, Chim. Acta, 17, 1380 (1034). 
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dimnic acid oddatioii, to etlo<ifi:0cholan>3(0)-ol-17-one, and fotind it to 
be about one-eevmth as potent as natural androsteione. Identification 
of androstercme as etioalIocbolan-3(a)-ol-17-one (LXXXII) was soon 
accomplished by oxidizing eptdihydrocholesterol (LXXXI) with chromic 
a<ad.*“ At the same time the epimeric etiocholan-3-ol-17-ones were pre- 
pared from coprosterol and epicoprosterol and found to be inactive even 



in doses fourteen times that of {mdrosterone. Shortly after this work by 
Ruzicka, Butenandt pubjished the results of the examination of the 
stiAure of androsterone isolated from urine, and fully confirmed struc- 




otber two substances ori^naUy isolated from urine proved to be 

‘HittMeluh, Q<ddbecB. McgrWi BrOngcer, and Eiobenbereer, ffnd., IT, 1396 (1934); 

CMdberg, and Wkt, Otd., 18, 61 (1936). 

Butenandt and T^adteBdaS. Z. pAvtioL Ch*m^ 899. 167, 186 (1934). 



THEOTEBOIDS 


1603 


dehydroaadrosteroae (LXXXTV) [A*-etiocholen-30*)-ol-lT-one] and 
oblorodehydroandrosterone, formed by replacement of Hie Cg — OH 
group of dehydroandrosterone with chlorine.*” The structure of 
dehydroandrosterone * was easily elucidated by application of the 
chromic oxide oxidation method to dibromocholesteiyl acetate, followed 
by debrominarion of the oiddation product with zinc.*** 

A nearly inactive compound, etiocholan-3(a)-ol-17-one, is also 
present in urine.*** It was first isolated as a corresponding 3,lZ-diol,‘** 
and it was some time before it was established that all the urinary 
androgens are 17-keto8teroids. f These three substances, androsterone, 
dehydroandrosterone, and etiocholan-3(a)-ol-17-one, are present in 
about the same quantities in male, female, and eunuch’s urine. *** 

Testosterone. In the summer of 1835 the group of workers headed 
by Laqueur **^ presented convincing evidence that the male hormone 
obtained from testicular extract was different from those that had been 
isolated from the urine. This was apparent from the greater potency 
and from the fact that the potency of testicular extract was destroyed 
by treatment with alkali. A few milligrams of this very important 
compound was isolated and given the name testosterone. On examina- 
tion, the testicular hormone proved to be an unsaturated kotone alcohol 
with strong absorption at 240 ma (a,/3-unsaturated ketone). The rela- 
tionship of testosterone to progesterone was obvious, and it seemed prob- 
able that the two were structurally similar . 

The structure of testosterone (III) was established by David *** <rf 
Laqueur ’s group through its oxidation to A*-androstene-3,17-dione 
(LXXXV), which is easily obtained from dehydroandrosterone by the 
standard procedures for the conversion of a A®-en-3-ol to a A*-en-3-one. 
This structure was confirmed by partial syntheses developed independ- 

“• Butenandt and Qroase, Ber., 69, 2776 (1936) ; Wallis and FernboU, J . Am. Chem. 
Soc., 69, 764 (1937). 

* This compound is named transdehydroandrosterone by Busieka, sinoe tie C, — OH 
group has the oppomte oonfiguralion of the C| — OH group of androsterone. Fieser has 
suggested the name dehydroisoandrosterone. 

S(ioeU«', Serini, and Oehrke, NalurwistenatJuifien, tS, 337 (1636) ; Butenandt el oL, 
Z. phi/Btd. Chem., 987, 67 (1936) ; Rusicka and Wettstein, Hebi. Chim. Atia, 18, 986 (1936) ; 
Wallis and Femhols, 3. Am. Chem. Soc., 67, 1379, 1604 (1936). 

*” Callow and Callow, Biochem. 3., 83, 931 (1939) ; Si, 276 (1940). 

*** Rusicka, Goldberg, and Bosdurd, Helv. Chim. Acta, SO, 461 (1937); Butenandt, 
Tsobeming, and Dannenberg, Z. phyeiol. Chem., MS, 206 (1937). 

t From the pregnancy mine of women. Marker et of., 3. Am. Chem. Soc., 69, 616, 768 
(19^, isolated al2opre|puui-3(a)-ol-20-one (eptolfopregnanolone) and reported it to hawi 
male honnons activiW oomparable to that of androsterone. Butenandt and Heuaner, 
Z. phyiM. Chem., 966, 230 (1938), bays found that ejM&aprexaanoloos is without nude 
hormone activity. 

David, Dingemanss, Freud, and Laqueur, Z. pkyeiol. Chem., 9SS, 281 (1936). 

*'*Devid, Aeta Brevia tfeerland. PhyaioL Pharmacol. JliierobioL, 6, 85. 108 (1936). 
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mtily by Butenandt “* and by Ibizicka *** at nearly the same time; ^e 
t^'ansformation shown (p. 15C^) is due to Ruraeka. By this method the 
acetate of dehydroandix^terone was reduced in the presence of nickel to 
the acetate of A®-andro8tene-3,17-diol (LXXXVI). The product was 
benzoylated at C 17 and then saponified at ca. 15°. In saponification, 
hydrol 3 rBis took place, preferentially at Cs, to give a Ci? half ester, which 
was then converted to the ester of the a,j 8 -unsaturated ketone either by 
direct oxidation with chrmnic acid or by oxidation of the 5,6-dibromo 
compound followed by debromination with zinc. The method of 
Butenandt was similar to that of Ruzicka, save that the diacetate rather 
than the mixed ester of A*-androstene-3,17-diol was employed.* 

Stereochemistry of the Hydroz}^ Groups. As is evident from the 
physiological activities of androsterone and of isoandrosterone (Table 
XII), the configuration of the Ca — OH group has an important effect on 
the potency of the androgens. Even more pronounced is the effect on 
the potency of the configuration of a C 17 — OH group. The mode of 
formation of A^-androstenediol by catalytic reduction of dehydroan- 
drosterone in neutral media indicates that the C 17 — OH group is trans 
to the Ci 3 — CHa group (v. Auwers-Skita rule, p. 1373) and, according 
to the convention Tised in this discussion, has an a-configuration. From 
the readues of large-scale preparation of A®-androstenediol, Ruzicka 
has isolated aa-A®-androstenediol, the C 17 epimer of A^-androstenediol, 
and from this has prepared m-testosterone. Both cw-A®-androstenediol 
and cis-testosterone are much less patent than their epimers. Compari- 
son of tile physical properties (Table XII) of the two testosterones 
shows that testosterone has a lower melting point and a higher specific 
rotation than cw-testosterone. In accord with the assigned structures, 
the esters of testosterone are hydrolyzed more rapidly than those of 
ci^testosterone,’* and testosterone is dehydrated less easUyt than its 

*** Butenandt and Hanisch, Ber,, 66, 1859 (1935) ; Z. phyaiol. Chem., S37, 89 (1936). 

*** Rusicka and Wettetein. Belt. Chim. Acta, 18, 1264 (1935) ; Ruaicka, Wettstein, 
and Eagi, ibid., 18, 1478 (1936). 

♦A second testioular hormcme, m.p. 120-130®, and four inactive compounds from hogs' 
testes have been repented by Ogata and Birano, J. Pharm. Soc. Japan, 84, 199 (1934) 
IC.A., », 1871 (1935)1, and by Hirano, J. Pharm. Soc. Japan, 68, 717 (1936) [C.A., 81. 
3125 (1937)1, but apparently investigation of tbeir structures has been discontinued. 

•u Buaidut snd Gddberg, Bah, Chim. Aeta, 19, 99 (1936) ; Rusicka and KAgi, ibid., 19, 
842 (1936). 

t The eRSerenoe in the ease of ddydration is shown by one of the color tests developed 
bgrACi^ and Miesobw, reference 87. When cis-testosterone is heated in acetic add solu- 
UoA with a bmee of conoentTated sulfuric acid, the solution cooled, and an acetic add lolu- 
tim hi bromfios added, a Uoidi red color devdops. With testosterone under the same 
eonditiosA wo color is produced. Similar results are obtained with the other 17^iydrosy- 
■tan»d*i those iHth an a-configuration are resistant to mild dehydration snd do not give 
odors, wh^ thooe wiih a ^configuration readiiy give colors. Under more vigorous con- 
ditioaa of dchydntioii. both «- and fi-fonns ore dehydrated, piobafaiy witii the introdne- 
tiun of a dotfida bond at Cts: Ctj and with a migtation of the Cit— CHs group to Oit. 
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epimer. With A'^-androstenediol and testosterone as tefa^noe com- 
pounds, the steric configuration of hydroxyl groups at Cj7 of many other 
androstane derivatives has been established. As is shown in later trans- 
formations, other addition reactions taking place with C17 carbonyl 
groups lead to a predominance of the epimer with an a-configuration of 
the CiT — OH group. 

Transformation of the Androgens. After the structures of the 
natural androgens bad been determined, Ruzicka, Butenandt, and others 
investigated methods of producing variations in their molecular struo 
tures. Largely by the application of principles discussed in connection 
with the other steroids, saturated and unsaturated diketones,'® ketone 
alcohols,*" dialcohols,*" and 17-alkyl derivatives *** from etiocdlocholane 
and etiocholane have been prepared, but will not be discussed in detail 
For these transformations dehydroandrosterone and isoandrosterone are 

^ S,I7-AndTostanedione: Butenandt and Tscherning, Z. physiol. Chem., S29, 185 
(1934); Ruzicka, Goldberg, and Meyer, Heh. Chim. Acta, 18, 210 (1935). S,t7-Etio- 
cholanedione: Butenandt, Tscherning, and Dannenberg, Z. physiol. Chem., 34S, 205 (1937). 
A^-AndT03teneS,17-dione: Butenandt and Dannenberg, Ber., 73, 206 (1940). ft-A'- 
AndTosUne-S,17-dione: Butenandt and Dannenberg, Ber., 69, 1158 (1936) ; Butenandt 
el al., Ber., 7J, 1617 (1939). A*-Androstene-S,l7-dione: Ruzicka and Wettstein, Belt. 
Chim. Acta, 18, 986 (1936) ; Butenandt and Kudzus, Z. physiol. Chem., 337, 75 (1935) ; 
Wallis and Femholz, J. Am. Chem. Soc., 87, 1511 (1937) ; Oppenauer, Rec. trav. chim., 86, 
137 (1937) ; Schoeller, Serini, and Logemann, U. S. pat. 2,175,220; Ruzicka and Wettetein, 
U. 8. pat, 2,194,235. A*-Androslene-S,17-dione: Butenandt and Schmidt-Tbomd, Ber., 
69, 882 (1936). A*A.Androstadiene..S,17-dione; Ruzicka and Boaabard, Helv. Chim. Acta, 
80, 328 (1937). 

AndrosUm-S(a)-ol~17-one (Androsterone): references 651 and 652. AndroslanS^- 
ol-17-one (.Isoandrosterone): reference 650. Androslan-I7(.a)-ol-S-one (.Dihydroteslosterone) : 
Butenandt, Tscherning, and Haniech, Ber., 68, 2097 (1935) ; Ruzicka and Goldberg, Belv. 
Chim. Acta, 19, 99 (1936). Androstafi-I7{fi)-oIA-one: Ruzicka and Kkgi, iM., 80, 1657 
(1937). A*-iln<fro«tet»-17(<*)-oZ-S-on« (re^seerone): references 669 and 660. A*-Androsten- 
17(B)-oU-one (.cis-Testosierone) : reference 661. A*-Aruiroslert~S(,a)-ol-17-cme (Bpufs- 
hydroandrosterone) : Ruzicka and Goldberg, Helv. Chim. Acta, 19, 1407 (1936). A'-dndro- 
»(en-3(8)-oI-l 7-one (Dehydroandrosterone): references 654 and 666. A''*-Androstadien- 
1 7(a)-ol-S-one; Ruzicka and Bosshard, Belv. Chim. Acta, SO, 328 (1937) ; Wettstein, ibid., 
S3, 388 (1940). 

*•* S(a) ,17(a)-Androatanediol: Ruzicka e( al,, Helv. Chim. Acta, 18, 210 (1935) ; Buten- 
andt and Tscherning, Z, physiol. Chem., 834, 244 (1935). S(a),17(ff)-Androstanediol: 
Ruzicka and K&gi, Heh. Chim. Acta, 80, 1667 (1937). 9(P) ,t7(a)-Andro»tanediol: Ruzicka 
et al., ibid., 18, 1487 (1935); Butenandt el of.. Btr., 68, 2097 (1936). S(a),17(ot)-EHo- 
cholanedibl; reference 656. A‘-dndr<Mle»i«-S(a)47(fli)-dioJ; Ruzicka, Goldberg, and Boe- 
shard, Helv. Chim. Acta, 80, 641 (1937). A*-Arubvstene-S(0),17(a)-dwl: Ruzicka and 
Wettstein, ibid., 18, 1264 (1935) ; Butenandt and Eanisch, Ber., 68, 1859 (1935) ; Z. 
physiol. Chem., 837, 89 (1936). A'-Androstane-S(ff) 47(fi)-diol: Rusioka and Kkgi, Heh. 
Chim. Acta, 19, 842 (1936). 

1 7-Methyl derivatives; Ruzicka et al., Helv. Chim. Acta, 18, 210, 1487 (1935) ; Mieacher 
and Elarer, ibid., IS, 062 (1930). 17-Ethyl derivatives; Ruzicka e< al., Md., 18, 1487 (1035) ; 
19, 367 (1936); Butenandt et al., Ber., Tl, 1313 (1938). I7-7*iid derieaime: Sonni 
and Logsmann, Ber., 71, 1362 (1938) ; Ruzioka and Hofmann, Heb. Chim. Aria, 8S. 160 
(1030). 17-Bihinyl derivatives; Ruzicka and Hofmann, ibid., M, 1280 (1037); Eathol, 
Logsmaan, and Serini, Hatunotssenseha/ten, 88 , 682 (1037) ; Inhofim, Logemann, Hohhrog; 
and Serini. Ber., n. 1024 (1988). 
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tl» i^efmed intermediates, since they are more readily accessible than 
endrc^terone. Dehydroandrosterone is nearly always prepared from 
dibromocholesteiyl acetate (ca. 3 per cent yield), but it has been 
dbtained also from other sterols and steroids."^ Similarly, isoandroster- 
one is obtained from cholesterol via dihydrocholesterol. The prepara* 
tion of androsterone from cholesterol presents the difficulty of producing 
an o-configuration of the Cg — OH group,*" and because of this andro- 
sterone is seldom employed as an intermediate. Among other inter- 
mediates for the preparation of androsterone derivatives. Marker *** has 
suggested the 17(a)-hydroxyBteroids formed by the action of Caro’s acid 
on the pseudo6ap<%enin3. (C/. p. 1495). 

A number of reactions involidng 17-ketoandro8tane derivatives are 
especially important because they provide methods for developing a side 
chain at Cir- By the action of alkyl Grignard reagents on the 17-keto- 
andiostapes, a mixture of isomers is obtained in which the 17 (a)-hydroxy 
derivatives predominate.*™ Similarly, when hydrogen cyanide or alkali 
acetylides are employed, the 17(a)-hydroxy derivatives are the principal 
products.*” The 17(«)-hydroxyandro8tane derivatives exhibit the pe- 
culiarity of not forming insoluble di^tonides when there is a free 303)- 
hydroxyl group present in the molecule.*” On the other hand, the 
1703)-hydroxy derivatives form insoluble digitonides in the expected 
manner. Whether the inhibition of insoluble digitonide formation b 
due to the position of the hydroxyl group or to that of the side chain b 
uncertain, but the latter seems more probable in view of the behavior of 
the isopr^nanes (p. 1493). 

Using the cyanohydrin LXXXVII, obtained from dehydroandro- 
sterone, Butenandt *” has developed a method for the preparation of 
progesterone. Ihe conversion b carried out by dehydrating the nitrile 
and reacting the dehydrated product LXXXVIII with methylmag- 
nerium bromide. In tib way, A®’*®-pregnadien-3-ol-20-one (LXXXIX) b 
obtained, and from the latter progesterone b formed by reduction with 
Raney nickel (A^ hydrogenation) followed by oxidation and rearrange- 
mmt by Oppenauer’s method. Conversions of dehydroandrosterone to 

*** Cf. Batcaiandt «< al., refennae 564, aad Kiprianov luid Frenkel, J. Oen. Chem. 
(VMS.R.), *, 1682 (t93fl) \C. A., J4, 8766 (1940)]. 

**’ OppeOmata, Xalun, US, 1030 (1935); Ruxicka, Fieoher, and Meyer, Belt, Chim. 
aeto. U. 1483 (193^). 

Cf. Callow and Deaneaty, Bioehem. J., 19, 1424 (1036), and Rtuicka, U. S. pat. 
2,161,380, for preparati've dataSa. 

#• Mufaw «( ol., /. Am. Chem. 8oc., M, 621, 660. 2643, 30m (1940). 

«A., Mieadber and Klaror, Belt. CMm. Acta, St, 902 (1039). 

•» Mieadtar and Wettafoin. tWd., 11, 1317 (1038). 

*» Cf. Bridtatefo ^nd ibid., tl, 1186 (1938). 

*n Bntanandt and Sduiiidt>'niom«, Str., 7t 1487 (1038) ; 71, 182 (1039). 
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ptogeeterone have beea realized also by way of 17-ethylandrostenediol 
CXC),*'* or of 17-ettdnylandrostenediol,'^‘ and by way of the reaction 
product of dehydroandroeterone and ethyl «-chloropropionate.®^‘ With 
the 17-ethyl derivative (XC), dehydration gives a product (XCI) which, 
on oxidation with osmium tetroxide, is converted to a glycol (XCII). 
The C21 acetate (XCIII) of the latter, on distillation with zinc dust in 
hi^ vacuum,”’ is dehydrated and reduced to iso-A®-pregnenolone 
(XCrV), and from this both isoprogesterone and progesterone are 
obtained. The hydration of the ethinyl derivative produces not only 
progesterone, but also neoprogesterone, and is discussed later in connec- 
tion with homosteroids (p. 16^). With ethyl a-chloropropionate, 
dehydroandrosterone pves an ester oxide (XCV) which, on hydrolysis, 
is converted to the acid XCVI and a mixture of A®-pregnenolone and 
iso-A®-pregBfinolone. 

Only a limited amount of work on the conversion of the androgens to 
the estrogens has been done, but, by aromatization of ring A, Inhoffen 
has converted androstan-17(a)-ol-3-one (XCVII) to a-estradiol (I). In 
the transformation, A^’^-androstadien-17(a)-ol-3-one acetate (XCVIIIo) 
was employed as an intermediate and was prepared by treating 2,4- 
dibromoandrostan-17(a)-ol-3-one acetate with collidine. After sapon- 
ification of the ester, the free alcohol (XCVIII6) was heated to 325°, 
and from the reaction mixtiuo a-estradiol was obtained in ca. 50 per cent 
yield. Probably the first step in the thermal change is the migration of 
the Cio — CH3 group to Ci with simultaneous aromatization of ring A 
to form 1-methylestradiol (XCIX). As evidence of this the latter is 
formed when A’’*-androstadien-17(a)-ol-3-one is acted upon by a mix- 
ture of concentrated sulfuric acid and acetic anhydride.* In the^ p3Toly- 
sis, the Cl — CH b group of 1-methylestradiol is replaced by hydrogen, 
probably at the expense of the thermal product not accounted for. In 
passing, it may be noted that 1-methylestradiol is a weaker phenol than 
estradiol and is physiologically inactive. 

Structure and Physiobgical Activity. Clinically, testosterone is the 
most important of the androgens. It is usually administered in the form 

Buteiumdt, Stthmidt-Tbomi, and Paid, Ber., 72, 1112 (1039). 

Goldberg uid Aeechbacher, Beit. Chim. Acta, 22, 1185 (1939). 

«• Yanudl and Wallie, J. Am. Chem. Soe., 69, 951 (1937) ; U. 8. pat. 2,123,217. 

Method of Slotta and Neisser, Ber., 71, 2345 (1938). 

*’* Inhoffen, Ang 0 w. Chem., 6S, 471(1940) ; Inboffenand ZObledorff, Ber., 74, 604(1941). 

* PaT ollaU lot the migration of die angular methyl group from Cm to Ci are found in 

coaveriion of euitonin to deemotroposantonin [Clemo, Haworth, and Walton, J. Chem. 
A., 2368 (1929); 1110 (1930); Clemo and Haworth, ibid., 2579 (1930)], of h’- *-oholea- 
tadieB-8-one to the ^dwtwol analog of 1-metbyleetradiol [Inhoffen and Huang-Minlon, 
liaturwiueMehit/lm, 36, 756 (1938)1, and poealbly of dianfaydroetrophantbidin bemiaoatal 
to triaahyifaoahrtgdiantbidiB (p. 1442). 
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of the propionate, since this ester, of the many that have been studied, 
seems to have the most prolonged action and the most favorable effect 
on seminal veacle growth.*^* Because of the plurality of the biological 
effects, it is difficult to discuss structme and physiological action of the 
androgens. Korenchevsky and co-workers,®*“ from a study of the effects 



(.one acetate XCVllla, RoAe 



of the androgens and of mixtures of the androgens with other hormones 
on the entire genital system in both sexes, have concluded that, apart 
from progesterone, there are no purely “male” or “female” hormones. 
This is borne out by the distribution of estrone in urine, and by the 
fact that the same androgens are found in about equal quantity in the 
urine of males, females, and eunuchs.“® According to Korenchevsky, 
the androgens may be divided into two groups: those with bisexual char- 
acteristics and those with chiefly male characteristics. To the bisexual 
group belong dehydroandrosterone, testosterone, and A®-androstenediol, 
since, in spite of their potency as androgens, they restore atrophied 
sexual organs in about the same degree in both males and females. 
Among the chiefly male hormones are androsterone, androstanediol, 

*’* Ruiicka and Wettsteia, ffelt. Chim. Ada, 19, 1141 (1936) ; Mieacbw, Wettstam, 
and Tsohopp, Biochim. J., 30, 1977 (1036) ; Miesoher, Wettatein, and SohoU, TJ. 8. pat 
2 . 109 , 400 . 

*** Bavinr: B^onsodtevoliy, SrgA. VilanUn-BormonfoniA., I, 418 (1030). 
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proiAOBate, and probably A^-aadroste&edkDS. Of 
teatostercmfi proponate is the most important because of its high activ- 
ity and because of its extensive use clinically. Consideration of struc- 
ture and idiyaiological activity is further complicated by the issues of 
oodperative and antagonistic sictivities. In normal individuals a balance 
is maintained among the various hormones, certain characteristics 
resulting from cooperation and others from antagonism. 

It is evident then that the values obtained for the activities of the 
androgens have no particular meaning unkse considered in relation to 
the organism as a whole. This is extremely difficult. It is possible, 
however, to make some generalizations on the potency as determined 
by the special assays. From the data of Table XII, it is clear that the 
compounds related in structure to testosterone are the most potent 
androgens, and that this potency appears to be due largely to the 
presence of the carbonyl group at Cs and unsaturation at C4 in conju- 
gation with this carbonyl group. Shifting the position of the unsatura- 
tion to Ci; C2 reduces the potency markedly. Given the favorable 
structure in ring A, the configuration about C17 has an important bear- 
ing on the activity, as is shown by the activities of testosterone and of 
cis-testosterone. Even though this favorable structure in ring A is 
retained, the introduction of alkyl groups at C17 modifies the physio- 
lo^cal action so that both androgenic and progestational effects are 
manifested. Certain variations of structure in rings A and B bring 
about loss of andrr^nic potency and development of estrogenic activity. 
This is illustrated by the A-A*-androstane derivatives,*** formed by 
treating 2-bromoandroetanes witii potassium acetate, by 6-oxotestos- 
terone,*® and by the S-carboxyandrostan-lZ-ones,*® all of which have 
moderate estrogenic activity. 

THE ADRENAL SUBSTANCES 

In the cortex of the adrenals are formed a number of steroid hor- 
mones which are essential to life. A deficit of these cortical substances 
(Addison’s disease) produces bronzing of the skin, muscular weakness, 
a rise in blood urea, changes in the carbohydrate metabolism, and dis- 
turbances of the sdt and water balance. Overproduction of the adrenal 
substances in (dnldren results in precocious sexual development, and 
thts si^ests a close relationship to the sex hormones.* 

***' Cf. Butenwadt and DaaiMiiberg, Ber,, 7S, 206 (IMO). 

"* Xtatenandt and Btr,, M, 1163 <1936). 

Mtfto tt bL, J. Am. Ckmn. doe., 88, 1048 (1936). 

* For jubjroiologv bm Ghrefliman, “Hie Adrenala,” WiUiMiui and Wflldiia, Baltimore 
(1936), and Vacaar, “Dio FnaAt&m der Nebenniaimu^ida,'’ Soibw^, Baala (1939). 
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with the development of methods of obtaining crude potent extracts 
from the adrenals,®** and of assaying these in adrenalectomized do^ *** 
or rats,*** it was thought at first that the potency was due to one hormone 
designated as cortin.**^ Later it became clear that the cortical activity 
was due to numerous closely related compounds. Six active crystalline 
compormds have been isolated from the adrenal extracts, but the 
potency of the crude extracts or of the amorphous residue is far greater 
than that of any of these.*** The activity both of the pure compounds 
and of the extracts is defined in terms of cortin units. With dogs one 
cortin unit is the minimum daily dose per kilogram which, when admin- 
istered over seven days, will maintain the blood-urea level and the 
weight of the animal in essentially normal condition.**® With rats a 
fatigue test is used, but this method of assay is much leas exact than 
the dog test.®** 

Isolation of die Adrenal Substances. In the isolation of the adrenal 
substances, the glands are extracted with alcohol or acetone, the solu- 
tion freed of epinephrine, and the fats removed by partition between 
hydrocarbon solvents and water (or water-alcohol).®** The resuitir^ 
mixture is finally resolved by a combination of fractional crystallization, 
of partition between solvents, of chromatographic analysis, and of the 
use of special reagents such as Girard’s reagent T (p. 1470).®** The 
separation and isolation of the individual compounds are difficult because 
of their similarity and because of the very small amount of each present 
in the extracts.* Although Kendall and co-workers, and Wintersteiner 
and Pfiffner first developed the technique of isolating pure adrenal com- 
pounds, Reichstein has been far more successful in resolving the com- 
plicated mixture present in the extracts. Through the use of Girard’s 
reagents, Reichstein was able to separate the extracts into ketonic and 
non-ke tonic fractions, and subsequently was able to resolve these frac- 
tions largely by means of chromatographic analysis. In addition, many 

*** Inter al., SwinaJe and Pfiffner, Medicine, 11, 371 (1932) ; GroUman and Firor, 
J. Biol, Chem., 100, 429 (1933) ; Pfiffner and Vara, ibid., 106, 646 (1934) ; Cartland and 
KuiiengB, ibid,, 116, 67 (1936) iWatennaneioJ., ActaBrevia NeerUind. Phyeiol. PharmaeoL 
Microbiol., 9 , 75 (1939); Uyldert, Endocrinology, 98 , 871 (1939). 

"* Pfiffner, Swinf^e, and Vara, J. Biol, Chem., 104, 701 (1934). 

Everae and de Fromery, Acta Brevia Neerland. Physiol. Pharmacol. Microbiol., 9 , 
162 (1932) ; In^m, Hales, and Haalerund, Xm. J. Phyeiol., 113, 200 (1936) ; Ingle, iWd,, 
116, 632 (1936). 

*•’ Hartmann and Brownell, Am. J. Phyeiol., 97 , 530 (1931). 

*•* Review; Kendall, Arch, Path., 39 , 474 (1941). 

*** C/. Reiohatein, Brgeb. Vitomin-Hormonforsdi., 1, 344 (1938). 

*For example, from 30,000 ateera about 1000 kfiograma of adrenals is obtained. 
After extraction and purification, 18-60 grams of potent material, assaying about 1-2 mil- 
lion dog units, is isolated, and on resolution ca. 300 miHigrams of each one of the more 
abundant conuioiinds is separated. 
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propionate, and probably A*>androstenedi<nie. Of tiiese, 
teetoet^xme {Hrojaonate ia the most important because of its hig^ activ- 
ity and because of its ext^iave use clinically. Consideration of struc- 
ture and physiolf^cal activity is further complicated by the issues of 
ooOp^tive and antagonistic activities. In normal individuals a bahmce 
is maintained among the various hormones, certain characteristics 
resulting from codperation and others from antagonism. 

' It is evident then that the values obtained for the activities of the 
androgens have no particular meaning unless considered in relation to 
the organism as a whole. This is extremely difficult. It is possible, 
however, to make some generalizations on the potency as determined 
by the special assays. From the data of Table XII, it is clear that the 
compounds related in structure to testosterone are the most potent 
androgens, and that this potency appears to be due largely to the 
presence of the carbonyl group at C3 and unsaturation at C4 in conju- 
gation with this carbonyl group. Shifting the position of the unsaturar 
tion to Ci: C2 reduces the potency markedly. Given tfie favorable 
structure in ring A, the configuration about C17 has an important bear- 
ing on the activity, as is shown by the activities of testosterone and of 
m-testosterone. Even though this favorable structure in ring A is 
retained, the introduction of alkyl groups at C17 modifies the phymo- 
logical action so that both androgenic and progestational effects are 
manifested. Certmn variations of structure in rings A and B bring 
about loss of androgenic potency and development of estrogenic activity. 
This is illustrated by the h-A^-androstane derivatives,*” formed by 
treating 2-bromoandrostanes with potassium acetate, by 6-oxotestos- 
terxMie,*® and by the S-carboxyandrostan-lT-ones,***' all of which have 
moderate estrogenic activity. 

THE ADBE5AL SUBSTANCES 

In the cortex of the adrenals are formed a number of steroid hor- 
mones which are essential to life. A deficit of these cortical substances 
(Addison’s disease) produces bronzing of the skin, muscular weakness, 
a rise in blood urea, changes in the carbohydrate metabolism, and dis- 
turbances of the salt and water balance. Overproduction of the adrenal 
substances in children results in precocious sexual development, and 
thin Kiggesta a dose relationship to the sex hormones.* 

Cf. Bixtanandt and Dannenberg, Ber^ 7S, 206 (1940). 

m Butenandt and Eiival, Bar., W, 1163 (1936). 

<•* Matter M al., Jt. Ant* Chm. Soe., W, 1948 (1936). 

* For liAuraurfocv mo Ondbaui, “The Adrenala,’’ WilUams and WiUdoa, Baltimon 
( 1986 ), and Varaar, '‘Cto F«iaktfai& dar NebeasieMarinila,” Sdbvaba, Baala ( 1930 ). 
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With the development of methods of obtaining crude potent extracts 
from the adrenals,*** and of assaying these in adrenalectomized dogs *** 
or rats,*** it was thought at first that the latency was due to one hormone 
designated as cortin.*®’ Later it became clear that the cortical activity 
was due to numerous closely related compounds. Six active crystalline 
compounds have been isolated from the adrenal extracts, but the 
potency of the crude extracts or of the amorphous residues is far greater 
than that of any of these.*** The activity both of the pure compounds 
and of the extracts is defined in terms of cortin units. With dogs one 
cortin unit is the minimum daily dose per kilogram which, when admin- 
istered over seven days, will maintain the blood-urea level and the 
weight of the animal in essentially normal condition.*** With rats a 
fatigue test is used, but this method of assay is much less exact than 
the dog test.**® 

Isolation of the Adrenal Substances. In the isolation of the adrenal 
substances, the glands are extracted with alcohol or acetone, the solu- 
tion freed of epinephrine, and the fats removed by partition between 
hydrocarbon solvents and water (or water-alcohol).*** The resulting 
mixture is finally resolved by a combination of fractional crystallization, 
of partition between solvents, of chromatographic analysis, and of the 
use of special reagents such as Girard’s reagent T (p. 1470).*** The 
separation and isolation of the individual compounds are difficult because 
of their similarity and because of the very small amount of each present 
in the extracts.* Although Kendall and co-workers, and Wintersteiner 
and Pfiffner first developed the technique of isolating pure adrenal com- 
pounds, Reichstein has been far more successful in resolving the com- 
plicated mixture present in the extracts. Through the use of Girard’s 
reagents, Reichstein was able to separate the extracts into ketonic and 
non-ketonic fractions, and subsequently was able to resolve these frac- 
tions largely by means of chromatographic analysis. In addition, many 

*** JnJ«r a2., Swiat^e and Pfiffner, Medicine, 11 , 371 (1932) ; OroUman and Firor, 
/. Siol, Chem., 100 , 429 (1933) ; Pfiffner and Vara, ibid., 106 , 646 (1934) ; CarUand and 
Kuicenga, ibid., 116 , 67 (1936) ; Waterman et al., Acta Brevia Neerland. Phyeiol. Fhanruieol. 
Microbiol., 0 , 75 (1939) ; TJyldert, Endocrinology, 26 , 871 (1939). 

*** Pfiffner, Swingle, and Vara, J, Biol, Chem., 104, 701 (1934). 

*** Everae and de Fremery, Ada Brevia Neerland, Phyeiol. Pharmacol. Microbiol., 2 , 
162 (1932) ; Ingles, Halee, and Haelenuvd, Am. J. PhytvA., 113 , 200 (1936) ; Ingle, itnd., 
lie, 622 (1936). 

Hartmann and Brownell, Am. J. Phyeiol,, 97 , 630 (1931). 

Review: Kendall, Arch. Path., 82, 474 (1941). 

••• C/. ReKhstain, Ergeb. Yitamin-Hormonforedt., 1 , 344 (1938). 

* For example, from 20,000 steers about 1000 Idlograms of adrenals is obtiuned. 
After extraction and purification, 18-60 grams of potent material, aesaying about 1—2 mil- 
lion dog unite, is and on reeolution oo. 300 milligrams of each one of tbe more 

abundant oompoands is separated. 
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■oS the degradations and nearly all the partial syntheses estabMung the 
structures of the adrenal compounds are due to Reichstein. 

The principal known adrenal compounds are given in Table XlII, 
where they are identified partially by trivial names and partially by the 
alphabetic deragnations given them on isolation.'" In the table the 
compounds are classified as derivatives of oZZopregnane, of A*-pregnene, 
and of A^-andr(»tene. The oZlopregnane and A^-pregnene groups are 
subdivided on the basis of oxygen content into C21O6, C2i04, and CjiOa 
derivatives. The potent compounds are derivatives of A^-pregnene and 
are structurally similar to progesterone, which is present also in adrenal 
extracts and which has slight cortical activity.*** 

The known adrenal substances are polyhydroxy, hydroxyketonic, or 
pdyketonic steroids, t Hydroxyl groups may be present at C3, C17, 
C30, C21, and probably at Cn. In the natural compounds, hydroxyl 
groups at Cs and C17 always have a j 3 -configuration, but hydroxyl 
groups at other positions have variable or unknown configurations. 
By a convention introduced by Reichstein, the C20 — OH group of many 
of the cortical substances is assumed arbitrarily to have a / 3 -configura- 
tion. | Proof of the presence of an hydroxyl group at Cn in certain of 
the adrenal steroids is indirect, and because of this no consideration has 
been given to its steric configuration. 

The i 4 /fopregnane Group. The C21O6 Derivaiives. The first of the 
adrenal substances to be characterized was compound A of Winter- 
steiner’s and Rdchstein's series.**® Through the formation of a tetra- 
and of a penta-acetate, compound A was known to possess five hydroxyl 
groups, one of which was leas reactive than the others. Two of these 
hydroxyl groups were shown to be attached to adjacent carbon atoms, 
for compound A also forms a monoacetone derivative. Reichstein **^ 
then demonstrated that compound A was a C-glyoerol derivative by 
studying the action of periodic add and of lead tetraacetate. With 
periodic add, formaldehyde and a dihydroxyketone (II) were obtained, 
and in the degradation two equivalents of oxygen were consumed, as is 

* The doaignatianB uied by the principal invastigaton are not identical. 

t The poaoibility tiist wme might be aldehydic in nature was niggested by Kendall 
l^rior to the realiaatmn that the adrenal aubetancee are iteroida. No aldehydic oompounde 
have been iacdated from the extracts, and a number which have been prepared by Beich- 
•teia, Beh. Chim. Aeta (lMO-41), by partial lyntheeia appear to be inactive. 

^ This eonvention was propoaed by Frins and Reichstein, He3». Chim. Ada, M, 1490 
(1940), using tiw configuration of Reicbst^’a compound J for reference, and has been 
devdofwd further by v. Euw and Bmchstein, Und., M, 401 (1941). A 20(d)4iydroxyl 
group as defined by Rmebsteia’B convention is not neoetaarily identical with one defined 
bgr Mvlmr’s amvention (p. 1491). 

*** Wintenrtriner and I^ffner, J. Biol. Chem., Ill, 699 (1935) ; Rsiohstdn, ffeb. Chim. 
Acts, 19 , 29 (1936) ; Maacm. Myera, and Kendall, J. Biol. Chom., lU, 613 (1936). 

w Bmchetinn, BOo. Chim. Ada, U. 4(» (1936). 
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(iiamctenBtie for ^yoerol or C-glycerol derivatives.”* By tibe action of 
chromic acid either on compound A or on the dihydroxyketone II, the 
tiiketone III was formed. The latter (III) on Clemmensen reduction 
was converted to a mixture of 17(a)-hydroxyandrostane and andro- 
stane.*** Thus, the nucleus was characterized, and, through correlation 
with the other adrenal compounds, the nuclear structure of many of the 
members of the group was established. 



In the transformation given above, one of the hydroxyl groups of 
compound A could be provisionally assigned to C 3 through the fact that 
the dihydroxyketone II formed an insoluble digitonide. This view was 
strengthened when II was found to be weakly androgenic, and it was 
finally proved by the conversion of the dihydroxyketone to 3(/3),17(a)- 
androstanediol (VI).®** This change was effected by dehydration (loss 
of Cji — OH) of II to an unsaturated acetate (V), and catalytic reduc- 
tion and hydrolysis of this to androstanediol. The dehydration was 
brought about either by heating with a solution of hydrogen chloride in 
acetic acid or by heating the diacetate (IV) of II with potassium add 
sulfate. 

Assignment to Cn of the hydroxyl group lost in the dehydration of 
the dihydroxyketone (II) follows from an indirect argument.®* From 

*” C/. ri*cber and Dangaohat, Otid., 17 , 1196 (1M4) ; 18, 1209 (1936). 

Reidutein, ibid.. 19 , 079 (1936). 

*** 8<duq>pM, ibid., tS, 740 (1040). 

*** Steiger and Reidutein, ibid., M, 817 (1037) ; BaiobatffiD, ibid., W, 078 (1037). 
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IIm ev»lenoe already presented one of tiie hydroxyl gronps is attached 
at Ca, and the carbonyl group is located at C17. The triketone formed 
by oxidation of the dihydroxyketone is not soluble in alkali, and one of 
the carbonyl groups is xmreactive toward ketone reagents. The two 
reactive carbonyl ^ups are mtuated at Cg and C17, respectively, and 
portions Cl, Cj, C4, C16, and Cie are excluded for the unreactive 
carbonyl group since otherwise the triketone should have the properties 
of an a- or a /S-diketone. Attachment at Ce may be excluded through 
correlation with adrenosterone (p. 1520 ). Because of the imreactive 
nature of the implaced carbonyl group, assignment to C7 is excluded, 
and only attachment to Cn or C12 may be considered. Position C12 is 
improbable, since attachment at this position would lead to the mani- 
festation of some of the properties of a jS-diketone. Thus, Cn remains 
as the only j)osition that is compatible with the reactions of the trike- 
tone. Further arguments for the attachment of an oxygen function at 
Cii in other adrenal substances are discussed later. 

A / 3 -configiiration of the C17 — OH group of compound A and of 
other adrenal substances is indicated by the digitonide test.*** Com- 
pound A and the other cortical compounds with hydroxyl groups at C3 
and Ci7 form insoluble digitonides. Since the 30 S)-hydroxyisopregnanes 
(p. 1494 ), and most of the 30 S), 17 (a)-dihydroxysteroids with a substit^ 
uent at Ci7 (p. 1506 ), do not form insoluble digitonides, the positive 
test with the adrenal substances must indicate that both the C3 and Cn 
hydroxyl groups have / 3 -configurations. The evidence is admittedly 
tenuous. 

Wntersteiner’s compoimd D (VII) (Reichstein’s C; Kendall's C) 
and Reichstein’s compound D (VIII) (Kendall’s G),**’ the other C21O5 
derivatives, are represented provisionally by the formulas shown. The 
a-ketol structure of the side chains is indicated by the formation of form- 
aldehyde and acid residues when either compound is treated with peri- 
odic acid. The distribution of the nuclear constituents is shown by the 
production of the triketone III when each compound is oxidized with 
chromic add. Attachment of an oxygen function at Cn is not ri^dly 
established in either case, but the nature of each grouping has been 
demonstrated by examining the acids formed when the C17 side .chain 
is oxidized away. 

The CsiOi Derivatives. The C21O4 group comprises four compounds 
dmgnated as Eeichstein’s K, P, and R, and as Kendall’s H (Reichstein’s 

*** Reidutein and G&tzi, ibid., 21, 1185 (1938) ; Miezcber and Wettstein, ibid., 22, 112 
(1^9) ; Reidxtein and Meyatie, Und., 22, 728 (1939). 

**^ Winteratebuir and Pfifiner, J. Biol. Chem., Ill, 599 (1936) ; Reichotdn, HeUi. Chim. 
Aoa, 12. 29, 402, 979 (1035): 20, 978 (1937); EendaU d ai., J. Biol. Chem., U2 (Prooeed- 
ilWd, fid (t937); Mama, Hotita, and Kendall, ibid,, lAi, 459 (1938). 
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N). The Btmctures of Rexchstan’s P (EC) and K (XI) were indicated 
by the early work in which they were oxidized by chromic add to andro- 
etane^,17-dione, or by periodic add to isoandrosterone.** Through 



Tn. Wintentelner’a O 
(.^pngsaDe-S (/})^14etroI-SO.ooe ] 

(proWiional) 


CHrf)H 

C“0 



f^prefnnno-3 ),1J -trlol-U.JO-dloiW ] 
(prorlflloDal) 


these oxidative degradations the presence of 3(|S)-hydroxyl groups and of 
hydroxylated side chains was established. The structure of compound K 
was subsequently proved by partial syntheas * from A'^’-allopregnene- 



3,21-diol (XIV) through dihydroxylation with osmic acid.®** The unsat- 
urated diol was obtained in turn from 17-ethinylisoandrostan6-3(^), 

*“ Steiger and Roiolietein, Belt. Chim. Acta, 11. 646 (1938); Efflohatwn and 0«», 
ibid.. 11, 1186 (1888). . i u-. • 

• A partial Bynthetia of Reichatein'a P has been carried out by v. Buy and Rrichstein, 
Sd 9 . Chim. Acta, 84 , 401 (1941), from iaoandroetano by a eeriee of reaotiana analogoua to 
thoae ueed for the partial ayntiiaaia of Rrichat rip 'a S (p. 1523). 

Serioi, LoBemann, and HiWeloaad, JSar., 71 , 891 (1938). 
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17(ei)Mdiol (XXI) by reduction to 17>vinyliaoflndn>st8ne-3(jS), 17(o}<^ol 
(XlXI) 83 ^ reanangemaat of the latter to XIV by treatment with 
aoetio^chloroacetie acid. The hydroxylation with osmic add in tiiis 
case appears to pve a 170S)-bydroxyl group exclusively.*®' The con- 
figuration of the hydroxyl group at C 20 ^ aiso the same as that of the 
natural compound. This has been definitely established, since catalytic 
hydrogenation of Reichstein’s P pves a mixture of the C 20 isomers, X 
and XI.‘“ In contrast the C 20 isomers of the 17(a)-hydroxy derivac 
tives are obtained as a mixture by the action of osmic add on 17-vinyliso- 
androstane-3(/9), 17(a)-diol and may be separated by chromatography.*** 
On oxidizing the diacetate of Reichstein’s R, the diacetate of Ken- 
dall’s H (Reichstein’s N) is formed.*®* The structure of the latter was 
indicated first by Kendall through correlation with corticosterone 
and dehydrooorticosterone (p. 1621),*®* but it follows more directly by 
a transformation of Wintersteiner’s A (I).*®* When the triacetate (XVII) 



XY. Belcbstelo'f B 


XTL Kendali's H 



Xni.'WlBMMelncf^AtilMatato XYUI. tooa dlKMtito 

*®*Cy. Mieacbor nmj Wettotein, Heh. CMm. Aeta, tt, 112 (1989); R«i<duteiB and 
ifaratM. Aid.. Si, 72S (iflss). 

ReliMKjB Ited V. Btw, Aid.. XL. 1197 (1938) ; ReUslut<d)i, ibid,, XI, 1460 (1038). 

*** Mawn, Hoahn, MeKanirie. and Ke»iaU, /. Biel. Ohem., IM, 710 (1037). 

*" Sbivpaa an# BaiolwMn, CMm. Ada, XX, 730 (194Q>. 
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of oampound A is heated with zinc dust in tohiene, one molecule of 
acetic acid is eli mi nated and a strongly reducing compound Qso-R), 
which appears to be isomeric with Rmcbstein’s R, is obtained as the 
acetate (XVIII) WhMi this iso-R acetate is oridized with chromic 
acid and the product rearranged with hydrochloric acid, the diacetate 
of compound H results. The rearrangement is comparable to the acid 
isomerization of isoprogesterone to progesterone (p. 1493). 

The C 21 O 3 Denvatwes. Three trioxygenated ollopregnane adrenal 
substances are known. These compounds have been designated by 
Reicbstein as substances L (XIX) (Wintersteiner’s G), 0 (XX), and J 
(XXI).*®* The formulas shown were assigned originaUy on the basis of 
the analyses, of conversion to androstane derivatives by oxidative 
degradation, and of the formation of a mixture of compounds 0 and J 



by catalytic reduction of L. The correctness of these formulations was 
established later by Reichstein *** through hydroxylation of 303)-aoetoxy- 
A^^-pregnene with osmic acid to a mixture of substances from winch, 
after appropriate treatment, compound J was isolated as the principal 
product. An isomeric product Was obtained also, in small amount, and 
this may be the 17(«)-hydroxy derivative.* 

The A^-Pregnene Group. The known substances with cortical 
activity are derivatives of A*-pregnen-3-one. Of this group the umst 

Reichstein, ibid., 19 , 1107 (1936) ; Wintersteiner and Ffiffner, /. BioL CHem., 119 , 
291 (1036) ; Stager and Reichston, Htlv. Chim. Acta, 11, 646 (1938) ; Raehatein and 
O&tii, ibid., 11 , 1497 (1938). 

Butter, Meystre, and Reiohstein, Babi. Chim. Aeta, 11, 618 (1939) ; Reach, Butter, 
and B«ichBtein, ibid., IS, 170 (1940). 

* In later work v. Euw and Reichstein, Selv. Chim. Atda, M, 418 (1941), have con- 
verted Beiohstein's P (IX) to Reichstein ’a L by reacting the Cio carbonyl group of oom- 
pound P with methylmagnesium bromide and oxidising the product with periodio acid. 
Reichstein’s J and O have been prepared from Reiohstem’s E (XI) by Prins sod Rmoh- 
Bteio, t&^., 14, 396 (1941), by a similar conversion. Compound K was oxidised with 
periodio acid to 17-fonnyUndrosiHne.3(d),17(jS)-dkil, and the latter reacted with m^hyl- 
ruagnesium tnomide. The reaction product, after acetylation, waa resotved by ehromat- 
ographio analysia into acetates of subetanoes land O. According to an eadier piumr with 
THns, Reichstein, Oitd., 11 , 1490 (1940) , suggests that the Cig— OH group suhetsmaes 3 
end E fas aadgoed a d-configuiation, and Uut of sufaetanoe O be tegsoded as a. 
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iiB]Mrtaat k A^>pregBen-21-<d--3,20-diox]Le (desoxyeortiocMterooe). All 
tite sombers of tbe group show strong absorption in the ultra-violet at 
240 and many ^ve a characteristic greenish fluorescence when 
titrated with concentrated sulfuric acid.**^ As \rith the oZZopregnane 
derivatlTes, some of the compounds of this group are assigned an inert 
ojQrgen function at Cu, but the proof of the position of this function 
is indirect. 

The CaiOs Derivaiwee. The group of compounds containing five 
oxygen atoms consists of Reichstem’s E (XXII)*” and M (XXIII) 
(Kmidall’s F) ** and Wintersteiner’s F (XXIV) (Kendall’s E; Reich- 
stein’s Fa).*** The position of the nuclear oxygen functions in all three 



Compounds has been determined, among other methods, by the conver- 
sion of each to adrenosterone (XXVI) by chromic acid oxidation. That 
Rrichstein’s E and Reichstein’s M have hydroxyl groups at Cu is 
shown by the action of periodic add or of lead tetraacetate. Reich- 
stdn’s E, on b^atment with periodic acid, is converted to an unsatu- 
rated hydroxydiketone (XXV), which, on oxidation with chromic acid, 
pves adrenosterone. Similarly, Reichstein’s M gives the same diketone 
(XXV) vdien it is oxidized with lead tetraacetate. The position and 

*** Wisterstdasr and FfiSner. /. BM. Chem., Ill, 609 (1935) ; Reiohatein, Selt. Chim- 
Ada, It, 1107 (10^; T. Emr Baiobstcia, ybid., U, 1114 (1040). 

BaieMeiii, p^. Chim. Acta, It, 29 (1086) ; SO, 463 (1037). 

** da FimMp^ Liuiuear, Reiehstrin, Spanhoff, and Uyidert, Nature, ISO, 26 (1037) ; 
Rekbft^ Acta, SO, 953, 073 (1037) ; Macoo, Hoebn. and Kandall, J. Bid. 

Ckcm., (1088). 

*** W||EaiMr and Ffi»Mr, J. Bid. Chen., Ill, 600 (1036) ; lit, 201 (1936) ; Mason. 
Urwaj^Kwibdl. iM., lU, 618 (1836); 116, 367 (1036); Mason, Eodin, and Kandall, 
Ml., (lAft); BwkMtaln, Sde. CMm. Acta, It, 1107 (1836); M, 868 (1087). 
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natiire of this Cn oxj^n function are further shown by tte fact 
the monoacetate of lleichstein’s M is converted by chromic aniti oxida- 
tion into the monoacetate of Wintersteiner’e F. The structure of the 
Ci 7 side chain in each compound has been determined by studying the 
products obtmned by periodic acid oxidation. Reichstein’s E is sli^tly 
active as a cortical hormone and also has slight activity as an andit^en. 
Reichst^’s M and Wintersteiner’s F are somewhat more potent than 
Reichstein’s E as cortical substances. 

The C 21 O 4 Derivatives. Of the C 21 O 4 derivatives, corticosterone 
(XXVII) (Kendall’s B),““ dehydrocorticosterone (XXVIII), and**^ 
Reichstein’s S (XXXVI) have been isolated in crystalline form. A 



fourth compound, Reichstein’s T (XXIX), has been obtained only in the 
form of its acetate.**’ On oxidation of corticosterone with chromic acid 
3, 11-diketo-A^tiocbolenic acid (XXXI) is formed. If periodic arid is 
substituted for chromic acid, 3-keto-ll-hydroxy-A*-etiocholenic arid 
(XXX) is obtained, and from this, by chromic acid oxidation, the diketo 
arid is easily formed. The structure of the diketo arid has been deter- 
mined by comparing it with 3,12-<liketo-A^tiocholenic arid, prepared by 

de Frewery, Laqueur, Reichatein, Spanboff, and Uyidert, Nature, 139 , 26 (1937) ; 
Reichstein, ibid., 139 , 331 (1937) ; Steiger and Reiohatein, ibid., 139 , 025 (1037) ; Reich- 
stein, U. S. pat., 2,166,877; Kend8U,'Ma8on, Hoebn, and McKenae, Proc. Staff lieeHng* 
Mayo Clinic, IS, 136, 270 (1037) ; Mason, Hodm, McKeauie, and Kendall, J. Biol. Chem., 
ISO. 710 (1037). 

"* Maaon, Myera, and Kendall, J. Bid. Chem., Ill, 613 (1936) ; Beiolmteioiuid ▼. Euw, 
Belt. CAtm. Acta, SI, 1107 (1038). 

*** Btdohatein and v. Kutr, Belt. CAtm. Acta, SI, 1197, 1190 (1038). 

*>* Beidbat^ and v. Euw, ibid., SS, 1222 (1930). 
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the degradation of desoxyobolio add 1363). In this iinportant work 
Mason and Hodm *** found that the product from the bile add differed 
widely in its phydcal properties from that obtained from corticosterone. 
Attempts to provide a direct proof by synthesizing 3,ll-diketo-d*-etio- 
diolenie add have fmled. The structure of the C 17 dde chain of corti- 
costerone follows from the course of the periodic add ondation given 
above, ^ce formaldehyde is simultaneously formed with the 3-keto- 
ll-hydroxy-A*-etiocholenic acid, the side chain must have the structure 
shown. The structure of dehydrocorticosterone follows from the fact 
that the monoacetate of corticosterone, on treatment with chromic acid, 
is convmiod to the monoacetate of dehydrocorticosterone. 

Using the diketoetiocholenic add (XXXI) from corticosterone, 
Reichstein “ has provided a proof of the position of the double bond 
at C4 and of the carbonyl group at C3 in corticosterone and in dehydro- 
corticoeterone. By ozonization of the methyl ester of this add, the tm- 
saturated ring is opened and a ketodicarboxylic acid is obtained. Clem- 
mensen reduction converts this ketodicarboxylic acid to a dicarboxylic 
add (XXXIl), which is identical with the add obtained by sunilar 
treatment from 3-keto-A^-etiocholenic acid or from progesterone. 

At the time of its isolation the structure of Reichstein’s S (XXXVI) 
was apparent dnce it reduced alkaline silver diammine solutions in the 
cold (o-ketol group), and since it was converted to A^-andro8tene-3,17- 
dione by chromic acid oxidation.*^ This structure, together with the 
steric configuration of the Cjt — OH group, has been established by two 
partial syntheses due to Reichstein. If allyltestosterone is dehydrated, 
and the product hydroxylated by treatment with osmic acid, a,/ 3 , 7 -tri- 
hydroxypropyltestosterone is formed.*** By temporarily protecting the 
Cai and the C 22 hydroxyl groups by reaction with acetone, the C 20 
hydroxyl group may be acetylated, and after removal of acetone XXXII 
is obtmned.*” Periodic acid oxidation of the latter converts it to the 
idd^yde acetate XXXIII. On mild hydrolysis with potassium bicar- 
bonate A^-pregnene-17,2(Wiol-3-on-21-al (XXXIII) is formed, and 
this is readily rearranged by boiling with p 3 rridine *** to Reichstein’s S.**' 
The /$>configumtion of the C 17 hydroxyl group was shown by periodic 
add oxidation of compound 8 to 3-keto-17(^)-hydroxy-A*-etiocholenic 
add. Tbe latter was characterized through its methyl ester (XXXYII) 

*** Maa^^aodBodm, J, Am. Chem. 8oe., 60, 2C66 (1938). 

sod Fudu. Heb. Chim. Ae<a. M, 676 (1940). 
and Peten, Ber,, 71, 2688 (1938). 

•» vjpr Heb. Ckim. AOa, SS, llU (1940), 

liPod: IlKher «t aL, Stfr., 60, 470 (1927), 

***B«io]wteia wad t. Eair, Btb. Chua. Aeta, tS, 1268 (1940). 

***B«iidiatt^ IdeyttM tad v. Xkiw, ibid., tt, 1107 (1939). 
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which was prepared fw comparison from methyl 30S),1708)-dihydroxy- 
A*-etiocholenate (XXXVIII) by the Oppenauer reaction.®^ 



The C 21 O 3 Derivatives. Desoxycorticosterone (XLIV) and 1703)- 
hydroxyprogesterone are trioxygenated A*-pregnene derivatives. Reich- 
stern prepared the former by partial syntheas from 3.acetoxy-A*- 



cholenic acid (XXXIX), as shown in the transfonnation XXXIX- 
XLIV, about a year prior to its isolation from adrenal extracts.*^ 

Reiohttnin and Majrstre, itid., It, 728 (1939). 

*** Steiser and Aeiolutem. IftOure, 139 , 926 <1937} ; Beh. Chim. Aeta, IS, IIM <1037}: 
K^cdutein and v. Euw, ibid., 83, 136 (1940). 

ReiohatiMn and y. Eiaw, ffeb. Chiim, Aeta, 81, 1197 (1038). 
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Besojgreorticosterone may be obtained in poor yield the acticoi dP 
lead tetraacetate on progegteroae,*^* and of Caro’s acid on certain of the 
paeudoM^)og«iin8 (p. 1494). The tosyl derivatives of desoxycorticoster- 
one and o£ related ketols are unusually reactive. For example, the 
toayl group can be replaced with iodine by heating the tosyl deiivar 
fives with sodium iodide in acetone. The iodine may then be replaced 
with hydrc^en, and in this way the C 21 hydroxyl group has been reduc- 
tively replaced in a number of instances.*** Isodesoxycorticosterone 
and its acetate have been prepared by a procedure similar to that used 
for the preparation of iso-R acetate.®® Both isodesoxycorticosterone 
and its acetate are physiologically inactive. 

An inactive comiMund, 170S)-hydroxyproge8terone,* has been iso- 
lated from the adrenals and prepared by partial sjmthesis as shown 
in formulas XLV-XLVII. The intermediate XLV was obtained by 
rearran^g 17-vinyltestosterone by the process 

OH 

— C— CH==CH, ^ >C=CH— CHjr-Br >C=CH— CHjOAc 

and dihydroxylating the end product with osmium tetroxide. As 
brought out in the partial synthesis of Reichstein’s K (p. 1517), the 
hydroxylation of the semicyclic double bond leads almost exclusively to 
a /3-configuration of the Ci? — OH group. The 17 (a)-hydroxy isomer of 
XLV has been oxidized with periodic acid, and the product treated with 
<fiazomethane. In contrast, an oxido derivative rather than a ketone 
was obtained. 17(/3)-Hydroxyprogesterone has no cortical or progestar 
tional activity, but does have androgenic potency about equal to that 
of {mdroeterone. 

The A^-Androstene Group. Adrenosterone (XXVI) is the only 
member of the A^-androstene group that has been isolated from the 
cortical extracts. “• Its structure as A*-androstene-3,ll,17-trione fol- 

*** Erhart, Ruachic and AiunttUer, Ber., 71, 2035 (1039) ; Reicbatein and Montagel, 
Beh. Chim. Acta, at, 1212 (1030). 

Rtidutein and Schindler, Belt, Chim. Ada, SS, 669 (1940) ; Beichetein and Fucha, 
ibid., 18, 684 (1040). 

•x Shoppee, ibid., IS, 026 (1040). 

* A ccanpoiiad described as 17(a)-hydrozyi>rogeeterone was obtained by Ruzicka and 
Meld^, BOt. aubn. Ada, 11, 1760 (1038); 11. 421 (1039) by rearranging the hydration 
product ot the isantylene addition ocnnpound Iroin dehydroandrosterone. This was sub- 
seqi]ient]y«^!eoogniced by Rusicka, reference 636, as a D-homosteroid (p. 1626). The 
so-oaUed l7(«(),4>ydrosy|8PgeBterone hoe been reported to have cortical activity. 

•"B^per and Nortii, /. Biel. Chen., lH, 460 (104(9 ; v. Euw and Reiidittrin. Hefo. 
CMmi. dllB. M. 870 (1041). 

«• I^aad Rdehshdn. Hsb. Chim. Ada, M, 045 (1041). 

«*Baid«tain.Hsia. Ada, U. 20 (1036). 
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lows from its conversion to the triketone III on catalytic hydrogenation 
with palladium as a catalyst.**® A*-Andro8ten-ll-ol-3,17-dione (XXV), 
the product of periodic acid oxidation of Reichstein’e E, may be classed 
also as a member of this group although it has not been noted in nature. 
Controlled catalytic hydrogenation of either of these compounds haw 
given a variety of 3,11,17-trioxygenated androstane derivatives.**® 
None of this group has cortical activity, but all are weakly androgenic 
in the comb test; adrenosterone, for example, has about one-fifth the 
androgenic potency of androsterone. 



XLT. A*-Preenone- 17 f)3J. XLVI. n-Vormyl- A‘ • 

20 f^J.21-trlol4-on« aadroet£Q-17^^)>oI<3-oQe 


XLvn. 11 (By 
Hydroxjjut^fesferone 


structure and Physiological Activity. The relation of structure and 
physiolopcal activity of the steroid adrenal hormones has been sum- 
marized by Kendall.*** The three known physiological processes 
affected by the hormones are: (1) the permeability and transfer of 
electrolytes and water; (2) the activity of tissues with specialized func- 
tions, e.g., liver, kidney, etc.; and (3) the activation of enzymes. The 
amorphous residue and those compounds without an oxygen function 
at Cii, such as desoxycorticosterone, seem to be particularly effective 
in regulating electrolyte and water balance and in controlling the 
activity of the tissues. In contrast, the adrenal substances oxygenated 
at Cii are necessary for the activation of enzymes, especially those 
involved in carbohydrate metabolism. The effects are so manifold and 
so little understood, however, that definite correlations cannot be made. 
Because of this, the values for physiological activity pven in Table XIII 
are more in the nature of physiological constants than of true repre- 
sentations of physiological potency. 


Reichsteuii ibid.f 19, 1107 (1936) ; Steiger and Reichfiteioi ibid.t 90, 817 (1937)* 
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IHB HOMOSTBEOmS 

In 1938, Miesdier and Kil^*** applied Darz^’ synthesds*** to 
d^ydroandroeterone acetate (I) -with the expectation of obtaining 
A*<i»^enolone acetate (III), and from this progesterone. This was 
realiaed, but there vma obtained also a product isomeric with A^-preg- 
nenolone acetate whidi was d^gnated as neopregnenolone acetate (IV), 
and whidi gave neoprogesterone, an isomer of progesterone.* In the 
formation of neopregnenolone acetate, enlargement of rii^ D from a five- 
to a six-membered ring occurs. This was shown by Ruzicka •** more 
clearly by a study of the reactions of the 17(a)-hydroxy-17-ethinyl 
derivative (V) of dehydroandrosterone acetate. With Nieuwland’s 
method"* of hydrating with boron trifluoride and mercuric oxide in 
acetic acid, ring enlargement occurred, and the product VII was con- 
verted to neopregnenolone by treatment with phosphorous tribromide 
(CiTa — OH — » Ci 7 a — ^Br) followed by debromination with zinc and 
acetic add. That ring D is six-membered in neopregnenolone has been 
established by Ruzicka and Meldahl *“ through conversion to the cor- 
responding saturated diol and dehydrogenation of this product with 
selenium to 1-methylchrysene, characterization of the hydrocarbon 
bdng made with a synthetic product."* As evidence that ring enlarge- 
ment occurs during hydration, both the hydration product and neo- 
pr^enolone have been converted to the same saturated hydrocarbon, 
17a-metbyl-D-iomoandrostene (<f. formula XI). **^ The mechanism of 
the reaction is not entirely clear, but Stavely has shown that in the 
presence of aniline and with mercuric chloride as a catalyst an inter- 
mediate in the reaction is the 17-hydroxy-20-one derivative (VI), which 
is rearranged by alkali to a six-membered ring. According to Reich- 
Btein and Stavely, the rearrangement takes place whether the Cn 
hydroxyl group has an a- or a /3-conflguration. 

•» MieaiAer asd Elgi, J. Soo. Cham. Ind., IT, 276 (1938) ; Heh. Chim. Acta, n, 184 
(1938). 

*** Dmnetm, Ctmpt. rend., M8, 1374 (1936) ; Donsen* and Levy, ibid., S04, 272 (1037). 
In tllia lynthMiB • ketone ie eeuaed to leact with an a^a-dibalogenated aliphatic eater in 
tbe pMaenee of macaeahun amalgam. 

*At &at neoprogaeterone waa reported to be bidoKicallr eqtial to progaetmone, but 
latw it was fmind by Wettstdn, refwenoe 527, footnote 6, to be inactive even in doees of 

**>Rmlek» and MtMahl, ffek. Chim. AcUi, SS, 421 (1930); cf, Ruzicka, (Sitzi, and 
Bekdistein, ibid., t$, 026 (1039) ; fiusicka and Hunsiger, ibid., tt, 707 (1939) ; Stavelyt 
/. Am. Cham. Soe., 61, 79 (1939) ; ibid., U, 489 (1940) ; ibid., 68, 3127 (1941). 

“Hennion, Kllimi, Vai«hn, and Nieuwland, /. Am. Cham. Soc., M, 1130 (1936). 

'"Rvsielta uid Mdkialil, Hdt. Chim. Aeta, MS, 364 (1040). 

"*RaakkaandMaiktH,*Md.,SS, 385 (1940). 

"''Rusioka and MaUaU, Hid., MS, 613 (1940), 
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To obtain products without a methyl group at poation 17o the 
Tiffeneau reaction has been applied to dehydroandrosterone acetate 
and to estrone.*** In these transformations a cyanohydrin is formed on 
the Ci 7 carbonyl group, the product reduced to the corresponding 
amine, and the amine deaminated and rearranged by treatment with 


HCN 



nitrous acid. The change is illustrated by the conversion of dehydro- 
androsterone acetate (I) to the cytuiohydrin (VIII), reduction of the 
latter to the amine (IX), and finally deamination and reairangesm^t 
to D-homodehydroandrosterone acetate (X). By standard methods the 

**• Tiffeneau, Weill, and Tohoubar, Compt, rend., SOS, 64 (1937). 

*** Q<ddberg and Monnier, Chim, Aettt, SS, 370, 840 (1940) ; OoUberg and Stoder, 
14 , 478 (1941). 
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l>4i(XQoeter(^ have been obtained from the various intermediates. 
Bing eaihu*g^mt in the androstane analogs does not materially modify 
the physiological potency, but in the estrogenic and progestational types 
the activity is either decreased markedly or destroyed completely, 
Syntl^tio D-homoequilenins prepared by Bachmann,"® however, have 
about the same potency as the corresponding equilenins. 

Ruricka has suggested that this alteration of the size of ring D 
in the steroid nucleus is a type of change that can occur in any of the 
rings. To describe the potential new members of the group, he has 
proposed the prefix “homo” with a suitable letter to indicate in which 
ring alteration in size has occurred. Thus, the compounds in which 
ring D is six-membered will be known as D-homosteroids, while those, 




as yet unrealized, in which expansion of ring A, for example, has occurred, 
vrill be described as A-homosteroids. Where a new carbon atom Is 
introduced, it will be designated by a number and the letter “a,” for 
example, 17o and 4a, as shown in D-homoandrostane (X), and A-homo- 
androstane (XI). Where contraction of ring size takes place, Ruzicka 
proposes to drop the number of the carbon atom eliminated, and iUus- 
strates this practice by the hypothetical A-nor-D-homoandrostane 
(XII). 

BIOGENESIS OF THE STEROIDS 

Several possible mechanisms for the biochemical formation of the 
steroids have been suggested, but none has been established. In the 
earlier speculations, squalene, isoprene, and carbohydrates were con- 
sidered precursora of the sterols. In later hypotheses, the eristence of 
a mechanism for the formation of the sterols was assumed, and schemes 
were devised to show how these were degraded in vivo to the bile acids 
or to the sex hormones. Among these are the speculations of Ruzicka 
and of Butena&dt,**® in which AApr^enolone and dehydroandroster- 
one are regarded as biochemical d^adation products of the sterols. 
With these two oon^xmnds as intermediates, oxidation and reduction 
or deaueglhylation can concmvably lead to the sex hormones and to 

••Ritaidbh CtOni. Aekt, It, E69 (1936). 

ButaBMdt, NabifviitMMiAaflat, 14, S29 (1986). 
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related compounds. A more flexible Iheoiy baa been advocated by 
Reichstein,*® who has suggested that the three-carbon carbohydrates, 
such as dihydroxyacetone or glyreric aldehyde, may condense as indi- 
cated in I. A later suggestion, advanced by Marker*" to explH-m the 
formation only of the steroid hormones, visualizes A*’®^®^-pregnadiaie- 
17,21-diol-3,ll,20-trione (II) as the common precursor of the estrc^ens, 
the pregnanes, and the androgens; this suggestion may be regarded as 
a special case of Reichstein’s theory. 



I. Schematic biochemical formatioa of 
.afcerolda from S<arboD solars ( Relcbateln) 
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Although the outcome of biochemical study of the origin and inter- 
conversion of the steroids has been disappointing,*" some positive re- 
sults have been obtained from the study of the action of the micro- 
organisms on the sex hormones.®" Yeast, under anaerobic conditions, 
reduces carbonyl groups at C 3 and C 17 in the androstane group but 
does not attack a C3 carbonyl group in conjugation with a C4 ethylenic 
linkage or the double bond itself. For example, A*-androstene-3,20-dione 
(III) is reduced by yeast to testosterone (IV).®“ On the other hand, if 
the C 3 carbonyl group is conjugated with a double bond at Ci : C 2 , 
both the carbonyl group and the double bond are reduced.®*' In all 
cases, an a-configuration of the hydroxyl groups is formed; this appears 
to be true also in the biochemical reduction of estrone *** and of pro- 
gesterone ®*® with yeast. Under aerobic conditions, the Corynebacterium 
from certain yeasts brings about the reverse of this change, and testo- 
sterone, for example, is dehydrogenated to A*-androstene-3,20-dione.*®® 
BadUus putrificus (?), isolated from putrefying steers’ testes, is another 

*** Reichatein, Heh. Chim. Acta, M, 978 (1937). 

•"Marker, J. Am. Chcm. Soc., 60, 1725 (1938). 

••* Inter al., Anchel and Schoenheimer, J. Biol. Chem., U5, 23 (1938) ; Tukamoto, 
Z. physiol. Chen., 860, 210 (1939) ; Dirscberl and Trant, tlnd., 863, 61 (1939). 

•**Re^^ew: Fischer, Angew. Chem., 63, 461 (1940). 

••* Mamoli and Vcrcellone, Ber., 70, 470 (1937). 

•" Butenandt, Ilannonborg, and Suranyi, Ber., 73, 818 (1940). 
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tbat h&s beeai stiuSed. In sterile yeast water, B. pu- 
reduces botli A*<uusaturatiou and a Cir carbonyl group without 
affecting a C 3 caurbmiyl group; but in a sterile yeast suspension the 
orguiism acts also on tbe Cs carbonyl group.** This is shown in the 
ooBveisicHi of A*-androstene-3,20-dione (III) through the stage of 3,20- 
etiodiolanedione (V) to etio<iiolan-17(«)-ol-3-one (VI), and of testo- 
sterone (IV) to etiocholan-17(o!)-ol-3-one (VI) by B. putrificus in sterile 
yeast water; and in the production of 3(a),17(a)-etiocholane<liol (VII) 
by the same otganism in sterile yeast suspenfflon."*! Although these bio- 





n. lCawi>elH>4T{«)olJoa« 



chemical reductions lead to a m configuration at C^, under some con- 
ditions equal quantities of the corresponding alio structures are pro- 
duced. 


GENERAL REFERENCES 


During the last decade many monographs and reviews dealing with 
the chemistry of the steroids have appeared. In addition, more than 
250 U. 8 . patents have been granted on the preparation and uses of 
stercads and tWr derivatives. M(»t of the patents are assigned by the 
Patent Office to Class 260-397. The preparation and uses of compounds 
with vitamin D, and with hormonal activity, have been patented more 
tiian any other phase of the field. 

Various reviews of the field have appeared in Abderhalden’s “Bio- 
chemisches Efandlexikon'’ and “Handbuch der biologischen Arbeits- 
methodm^^nd in Oppenheimer’s “Handbuch der Biochemie.” Many 
ents have been written from the older point of view and 



Bar., 71, ISS (1938) ; Erooli, Ber., 71, 660 (193S) ; Schramm and 
71, 1323; 30S3 (1038). 
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are of value largely for experimental details and physical constants. 

The more important modem monographs and reviews are listed below: 
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Shiuizv, “Vber die Chemie und Physiologie der Gallensauten,” Mnrsmoto, Oka- 
yama (193S), 388 pages. 
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Enke, Stuttgart (1936), 320 pages. 

Fieser, “The Chemistry of Natural Products Rekted to Phenanthrene” (A. C. S. 
monograph 70), Reinhold Publishing Cotp., New York (1937), 2nd ed., 456 
pages. 

Friedmann, “Sterols and Rekted Compounds,” Chemical Publishing Co., New 
York (1937), 100 pages. 

SoBOTKA, “The Chemistry of the Sterids,” Williams mid Wilkins, Baltimore (1938), 
634 pages. 

Reviews 

Structure; Windaus, Z. i^ynol. Chem., 213, 147 (1932); Heilbroh, Shitson, and 
Spring, J. Chem. Soc., 626 (1933). 

Sterols: Bills, Physiol. Reviews, 16, 1 (1935); Heilbron and Spring, Fortsekriite 
der Chemie organ. Naturstoffe, Springer, Vienna (1938), 1, 63; Heilbron and 
Jones, Ann. Rev. Biochem., 9, 136 (1940). 

Bile Acids: Sobotka, Chem. Rev., 16, 311 (1934). 

Cardiac Aglucons and Toad Poisons: Eldbbfield, Chem. Rev., 17, 187 (1935); 
Tschesche, Ergeh. Physiol, 38, 31 (1936); Stoll, “The Cardiac Glycosides,” 
The Pharmaceutical ftess, London (1937); Schoppee, Ann. Rev. Biochem., 11, 
123 (1942). 

Digitalis Saponins: Tschesche, Ergd>. Physiol, 38, 65 (1936); Schoppee, Arm. Rev. 
Biochem., 11, 103 (1942). 

Estrogenic Hormones: Stormer and Wbstphal, Ergd>. Physiol, 36, 316 (1933); 
Marrian, Ergeb. Vitamin-Hormonforsch., 1, 419 (19^); Dobt, Chapter 
XIII, in Allen, “Sex and Internal Secretions,” Williams and Wilkins Co., 2nd 
ed., Baltimore (1939). 

Corpus Luteum Hormone: Westfhal, Ergd>. Physiol, 37, 273 (1935); Allen, 
Chapter XV, in Allen, “Sex and Internal Secretions,” WiUiams and Wilkins 
Co., 2nd ed., Baltimore (1939); Westphal, NcUurwissensehaften, 38, 445 (1940). 

Androgenic Hormones: Goldberg, Ergeh. Vitamin-Hormonf orach., 1, 371 (1938); 
Koch, Chapter XII, in Allen, “Sex and Internal Secretions,” Williams and Wil- 
kins Co., 2nd ed., Baltimore (1939). 

Adrenal Hormones: Reichbtein, Ergeb. Vitamin-Hormonforsch., 1, 334 (1938); 
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miROSUCTION 

The research field concerned with the development of the fonda* 
mental orgamc chemistry of the carbohydrates has been a very active 
one and is still the object of a large amount of research. The great 
organic chemist Emil Fischer made his first mark here, and many others 
have been attracted by this fascinating group of substances. The car- 
bohydrates may be classified from the standpomt of their hydrolytic 
products into monosaccharides, oligosaccharides, and polysaccharides; 
the last two groups produce monosaccharides on hydrolysis; the molecu- 
lar complexity of the oligosaccharides has been ascertained, but that of 
the polysaccharides is stUl not known with absolute certainty. The 
monosaccharides are polyhydroxy aldehydes and ketones that reduce 
nuld alkaline oxidizing agents, such as Fehling’s solution. They may be 
further classified according to the length of their carbon chain and accord- 
ing to the nature of their carbonyl function; thus there are aldopentoses, 
aldohexoses, ketohexoses, etc. The monosaccharides are colorless crys- 
talline solids and possess a sweet taste. 

The central compound of the carbohydrates is d-glucose, and any 
development of the subject of carbohydrate chemistry from a research 
problem standpoint must revolve about this substance. d-Glucose is a 
monosaccharide classified as an aldohexose. It is the most readily 
available of the monosaccharides and the most important one from the 
standpoint of animal metabolism. Since all the monosaccharides are 
polyhydroxy ketones or aldehydes, it follows that knowledge gained by 
an investigation of the d-glucose molecule can generally be extended to 
its many relatives. This extension is not always easily accomplished, 
and of course significant and interesting differences in reactivity are 
exhibited by the various other monosaccharides. 

The development of our present conception of the structure of d- 
glucose represents a fascinating chapter in the evolution of a chemical 
formula. As new experimental evidence was obtained, previous ideas 
had to be revised in the sense that the old views were not wrong but were 
incomplete. Thus the formula of d-glucose stands today as a representa- 
tion of one of the most thoroughly investigated substances in the entire 
field of organic chemistry. 

The original sweetening agent native to Europe was the sugar mix- 
ture known as honey. Alexander the Great is credited with introducing 
cane sugar into Europe from the Orient, and purified cane sugar or 
sucrose was imdoubtedly the first crystalline sugar known. Ironically, 
of all the sugars, the formula of this substance has proved to be the most 
difficult to unravel. Since the sugar cane could be grown only in the 
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a search was made in Europe for a native plant substitute ame- 
nde to field cultivation, and this culminated successfully in the beet- 
sugar industry, establish^ by Aohard ' (1768). In the course of this 
seansh, Marggraf ’ (1747) had crystallised a substance which he recog- 
nised as beii^ different from cane sug^ and which he termed "eine Art 
Zueker.” This was the substance which is now called glucose. Sucrose 
crystallises very readily. Glucose, on the contrary, is a difficult sub- 
stance to crystallize, and it is only within the past few years that crys- 
talline glucose has been produced commerdaily at a low cost. 

The writings of Marggraf do not constitute the first record of crystal- 
line ghioose. This had been prepared previously from a variety of 
sources, but e^ciaJly from grapes, and was known to the ancient Per- 
manw and Arabians. Reference to this grape sugar can be found in the 
dd Moorish records * (1150) and in the writings of the alchemists and 
early pharmadsts. 

Elanentary analysis of glucose produced the empirical formula 
CHjO, This formula represents the origin of the French term hydrate de 
cafhone, which was modified in the German to Kohlenhydrai and the 
latter translated into En gliah as carbohydrate. A molecular-weight de- 
termination showed that the true formula was CaHi20e. This result 
was not obtained until 1888 (Tollens and Mayer),* as no method was 
avtulable for determining its molecular weight until the appearance of 
the work of Raoult ^ (1880) and the Beckmann apparatus ' (1888). 

That ^ucose contained five acetylatable hydroxyl groups was proved 
definitely by Fitmchimont ’ (1879 and 1892), who obtained its first crys- 
talline pentaacetate. This, together with its redudng properties, gave 
the formula C 6 H 7 (OH) 6 — CO. It is necessary to emphasize here that 
teal progress in the chemistry of the sugars can result only on the basis of 
pure crystalline derivatives. The failure to recognize this premise ade- 
rj^ately has led to many grievous errors and much confusion. 

IQliani * then improved the procedure of Schiitzenberger • (1881) for 
fonning the cyanohydrin of ^ucose, hydrolyzed this to the acid, reduced 

*Aebsrd, “l^e europSiadM ZocksrfabrikBtion bus RaakelHiben," Hinriehs, Leipsig 
(1809) ; ef., vaa Lippmaim, "Glssahiebte des Zuckm,” Znd sd., Sprisjter, Berlin (1929), 
pp. ess, 700, 701. 

* Marggraf, Ber. Berliner Akad., V, 70 (1749); cf., von Lippmann, “(Seeohichte des 
Zttokers.” ZndaAKSningar, Berlin (1920), p. 683. 

■ , 308, 400; 4 f., von lippmann, “Geaobiohte dee Zm^sra," 2nd ed., 
), p. 682. 

at, Ber., II, 1586 (1868). 

IB] 80 , 217 (1880). 

Iftik Chem., 8, 688 (1888). 

H. 1040 (1879); Bee. (ra*. 11. 106 (1802). 

767 (1886). 

OtiO. see. 18] 86 . 144 <1M1). 
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the latter with hydriodic add, and obtained n-heptdc add (1886). This 
proved that an aldehyde group was present and that the six carbon atoms 
of ^ucose were arranged in a strai^t or normal chain, thus indicating ihe 
formula CHjOH — (CHOH) 4 — CHO. EjJiani ** (1886) also applied the 
above procedure to fructose, which was an isomer of glucose isolated by 
Dubrunfaut “ (1856) from invert sugar through its property of forming 
an insoluble compound with lime. Kiliani arrived at the formula 
CHjOH — (CH0H)3 — CO — CH 2 OH for this substance and thus demon- 
strated the existence of a polyhydroxy ketone or ketose. 

CONFIGURATIONAL ISOMERISM OF THE MONOSACCHARIDES 

It is to be noted that the Kiliani formula for glucose contained four 
as 3 Tnmetric carbon atoms and according to the van’t Ho£F ^-Le Bel “ 
(1874) theory, which was at that time quite new, there were 2* or sixteen 
possible isomers for this compound. Examples of such isomers had begun 
to appear, as for instance, the isolation of galactose in 1856 by Louis 
Pasteur.^ The simple sugars that were isolated from natural sources and 
foimd to be different from glucose were considered to be isomeric with it 
and assigned the same formula. One of these supposed isomers was 
arabinose, and on closer investigation of this substance Kiliani “ (1886) 
was surprised to find that it contained only five carbon atoms. Thus 
was established the first member of the group of sugars known as the 
aldopentoses.. The problem of determining the spatial configuration of 
all these isomers appeared quite hopeless. To add to the difficulty, the 
substances and their derivatives were difficult to crystallize, and they 
were also very sensitive to heat and to strong reagents. The lime was 
thus ripe for a genius to arise who would possess the ability and industry 
to bring order out of chaos, and this genius was Emil Fischer. 

Emil Fischer was at the time concerned with the apparently unrelated 
problem of preparing substitution products of hydrazine, among which 
was phenylhydrazine. He noted that the latter compound served quite 
well for preparing derivatives of aldehydes and ketones and he tried its 
action with the sugars “ (1884). Certainly he must have been astonished 
to find that crystalline substances were formed with surprising ease. 
However, these did not analyze correctly for phenylhydrazones, two 

“ Kaiwu, Ser., 19, 221 (1886). 

n Dubrunfaut, Com.pl. rend., 41, 001 (1856). 
vaa’t Hoff, "Sur las formulas de atruoture dans I’espace,” ArcA nieriand. toi, (1874). 

“ L« Bd, BuU. ooc. chim., [2] U, 337 (1874). 

** Pasteur, Compt. rend., 41, 347 (1866). 

u ElUani, Ber., M, 3020 (1886) ; 10, 339 (1887). 

>« Fiaohte, Ber., 17. 670 (1884). 
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remdueB having entered the molecule. On further inves< 
tigatum ” (1887) he found that oxidation on the carbon atom adjacent 
to the aldehj'de grcnip Imd taken place with the formation of aniline^ 
atnmonia, and the substmice he termed the pbenylosazone. He was 
able to find the true phenylhydrazone as the expected intermediate, this 
substance being in most oases too soluble for ready separation. He 
noted “ (1884) that the pbenylosazone obtained from glucose was iden- 
tical with that obtained from fructose, and a start was made on the 
problem of solving the spatial configuration of the sugars. 


HC=0 

I 

(CHOH)* 

CHjOH 

Oluooae 


NiliN HCtM, 


HC=NNHC,H* 

I 

(CH0H)4 + H*0 • 

I 

CHiOH 

Gluoow phenylhydmoDe 


NHtNHC,Hs 
> 


HO=NNHC»Hs 

I 

C“0 

I 

(CHOH), + NH, + CeHtNHi 

I 

CHjOH 


HC=NNHC.Hs 

Lnnhca 

I 

(CHOH)» + HsO 

1 

CH,OH 

Glucose pheuyLosazoae 


CHtOH 

I 

0=0 

1 

(CHOH), 

in^oH 

Fructose 


HC=NNHCaiis 

C-NNHCH. 

(CHOH), + 2H,0 + NH, + CsHiNH, 

1 

CHiOH 

Glucose pbenylos&soDS 


Sugars producing the same osazone thus had identical structures on 
all but the first two carbon atoms. The aldohexose d-mannose also 
yielded d-glucose pbenylosazone and accordingly differed from glucose 
only in the eonfiguration of the carbon atom adjacent to the aldehyde 
group. Aldoses bearing such a relationship are now termed epimers 
(p. 24:7), a nam^ suggested by Votocek “ (1911). 

The three ftfiidamental procedures used by Fischer (1884-1894) in 
his great td elucidating the ccmfiguration of the sugars were osazone 

Ber.. so, 821 (1887). 

B«r., %7. m (1884). 

** Yoto^ Bar., M. 802 (Idll). 
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formation, oxidation to meso adds or reduction to meso alcohols,* and 
the methods for building up or degrading the members of the sugar seriaj. 
The formation of the meso or optically inactive and unresolvable com^ 
pounds indicated the symmetrical or internally compensated structures 
(p. 232). The reactions involved in the Fischer procedures will be 
discussed in some detail before their application to the solution of con- 
figurational problems is illustrated. These procedures constitute funda- 
mental reactions of the aldoses and have been used for the syntheds of 
the various members of the aldose series. 

These aldose synthetic methods employ a naturally occurring sugar 
as the starting point and transform this into other aldoses by various 
procedures. Fischer did attain a complete glucose synthesis by develop- 
ing the experiments of Butlerow “ (1861), who had noted that formalde- 
hyde and alkali produce sugars. This interesting reaction was further 
investigated by Fischer. He obtained a low yield of racemic glucose 
phenylosazone from the mixture ** (1889) and then skillfully completed 
the difficult steps from racemic glucose phenylosazone to d-glucose** 
(1890). Since formaldehyde can be synthesized from its elements, a 
complete glucose synthesis was thus accomplished. 

The aldose oxidation techniques were initiated mainly by Eiliani. 
On hypobromite oxidation, the aldoses produce the corresponding aldonic 
acids, a reaction that was greatly simplified by Isbell ® (1931), who pro- 
duced the h 3 TJobromite ion by continuous electrolysis in a sugar solution 
containing a small amount of bromide ion, hydrobromic acid being the 
reduction product and this in turn being electrolyzed to form again 
hypobromite ion. Nitric acid oxidizes an aldose to a dibasic hydroxy 
acid, the aldehyde group and the terminal primary alcohol being the 
points of attack. 

CO*H 


CHO 



(CH0H)4 

I 

CHtOH 

j-Qhioow 



(CHOH)« 

I 

CHsOH 

^luoonio add 

cool 

I 

(CH0H)4 


CO,H 

d.01uooa»<iohtrie Miid 

* Butlerow, Ann., ISO, 286 (1861). 

“ Fiseher and PwBmore, Ber., SS, 358 (1888). 

" Fiechea-, Ber., SS, 370, 789 (1890). 
lebell end Fruah, Bur. SUmderde J, Reeetux^ 0, 1145 (1931). 
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fllw aldoses may also be reduced to the ooneqxmdiQg sugar alcohols 
by 'nuious redudng ag^its, such as sodium amalgam. The reaetiou 
^proceeds very dowly with chemical reducing agents, and at present the 
most promidng procedures are those involving electiol 3 rtio methods or 
bifh^i'ossure oatalyas ** (Ipatieff, 1912). The eleotiolytic reduction of 
jocose is a eonm^dal process in this country.** 

CHO CHrf)H 

^ (AhOH)« (CHOH)« 

CHrf)H CH,OH 

<M31aooM (dextro)-SorbitoI 

The cyanohydrin procedure for adding a carbon atom to an aldose 
had been developed by Kiliaiu, as previously noted. He had always 
isdated only one product from the reaction. For example, the cyano- 
hydrin ruction when applied by him to arabinose ** (1886 and 1887) 
produced the lactone of a new hexonic acid, later found to be f-mannonic. 
On repetition of this work Fischer” (1890) found the two products 
required by theory, one of which was the enantiomorph of d-gluconic 
acid. The two products can be predicted because a new asymmetric 
carbon atom is formed. They will be formed in imequal amoimts as a 
new as 3 Tiunetric center has been added to a molecule already asym- 
metric (p. 230). 

The aldonic acids undergo lactonization witn ease, and this is the 
form in which they are generally obtained although a number of the 

CN COOI 



HCOH 

1 

(CHOH), 

I 

CHjOH 

i-Mannonic add 

CO»H 

I 

HOCH 

1 

(OHOH), 

CHjOH 

MUuoosla add 


*‘IpalieS. SftS. toe. Ofyiu, {q 14, 662 0916); Bor., U, £218 (1912). 

T*tmt, Bleelrochttn. Soe., 76, 289 (1989). 

«• Effiuii, Btr., 19, 3029 (imO); 19, 689 (1687). 
frVItthK, Btr., 66, 2611 (1890). 
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free acids have been prepared by ciystallization from solvents in which 
lactone formation is hindered (Eehorst,** 1928; Isbell and Frush,* 
1933). Kiliani * (1887) made the remarkable observation that the double 
lactone of mannosaccharic acid could be reduced to the sugar alcohol 
mannitol with sodium amalgam. Fischer (1889) found that this reac- 
tion was general for the sugar lactones and made an important extension 
by finding that, when the procedure was carried out under slightly acidic 
conditions, the reduction stopped at the aldose stage. In this way 
Fischer obtained the epimeric higher carbon sugars of d-glucose, calling’ 
the one that crystallized a-glucoheptose and the one that did not j3- 
glucoheptose. By repeating the process by which glucose was changed 
to a heptose, Fischer “ (1892) was able to make a glucononose, and 
Philippe " (1912) carried this to the decose stage. 

The naming of the higher sugars according to their order of isolation 
has led to a confused state of nomenclature. For those whose complete 
stereochemical structure has been elucidated, Hudson ** (1938) has sug- 
gested an overlapping type of nomenclature. Thus the name d-gluco-d- 
guloheptose is assigned to d-[a-glucoheptose] and indicates that this 
heptose is built up from d-glucose but that the configuration (p. 1543) 
downward from the aldehydic carbon atom is that of d-gulose. 


ci-gulosei 


J-d-glucose 


In addition to the above-described synthesis of epimers through 
the cyanohydrin reaction and reduction of the resultant lactones, 
Fischer also employed the aldonic acids directly for epimer synthesis. 
This important general reaction resulted from his discovery® (1890) 
that an aldonic acid is converted in part into its epimeric acid on heatmg 
its solution with a mild base, su<di as pyridine. The two acids could 

**Ilahor8t. Ber., «1, 163 (1928); 63, 2279 (1980). 

® bbdl and Fruab, Ftir. Standardt J . iinMoreh, 11, 649 (1933). 

“ Kiliani, Ber., M, 2714 (1887). 

» Fiaoher, Ber., 38, 2204 (1889). 

*> Fieoher, ^nn., 370, 64 (1892). 

•» Philippa, Ann. ohtm. pAv*., [8] 36, 289 (1912). 

“ Hudson, J. Ajn. Ckem. Soc., 60, 1687 (1938). 

x Fischer, Ber., 33, 799 (1890). 
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be seiMurated Aad the desired epimeric lactooe reduced to tlw aldose. 
A later synthesis of epimers employiitg the hydroxylation of the glycals 
h described in the succeeding chapter (p. 1628). 
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I 
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HCOH 
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HCOH 

I 

CHaOH 
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The sugar degradation methods extended and confirmed the facts 
obtained by the cyanohydrin reactions. The first method used was that 
developed by Wohl. Wohl ® (1893) acetylated d-glucose oxime and 
obtained gluconic acid nitrile pentaacetate. Treatment of this substance 
with an ammoniacal solution of silver oxide produced the diacetamido 
compound of arabinose, and this on acid hydrolysis yielded d-arabinose 
or the enantiomorph of the common naturally occurring pentose. 
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HC(NHCOCH,), 
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Hiis procedure gives fair results with most of the monosaccharides, 
and Zenipl4n later extended it to the disaccharides by replacing the 
ammoniacal silver solution with sodium ethoxide. In this manner 
Zempl4n ” (1926) degraded the disaccharides cellobiose and lactose by 
one carijon atom. The next degradation method was developed by 
Ruff** (1898) and is the one that has been the more successful for pre- 


** WoU, Ber., M, 730 (1893). 

** Zemiptfo. Ber^ n, 12M, 2402 (192S). 

4* Rvfl, B»., 31, 1873 (1808) ; ef. Boclwtt aud Hucbon, /. Am. Chetn. Soe., 56, 1632 

OsN). 
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pamtive ptirpoees. It is a modification of the Fenton “ (1893) reaction. 
The calcium salt of the sugar acid is treated with hydrogen peroxide in 
the presence of ferric ion, and degradation to the next lower aldose is 
effected. Weerman* (1918) developed a degradation method based 
upon the action of hypochlorite upon the amide of the sugar add, but 
this extendon of the old Hofmann reaction (p. 983) has not received 
much application. 

Having described the important procedures available to Fischer, 
their use will be illustrated by indicating how they were applied in deter- 
mining the structure of the five carbon aldoses or pentoses. Eight (2*) 
active forms are theoretically possible, and the d- and Worms of ar- 
abinose, xylose, lyxose, and ribose were the compounds eventually made 
known through the labors of the Fischer school and others. The possible 
configurations are the four ^ven (p. 1542) and their enantiomorphs. 

Since arabinose and ribose give the same osazone and are conse- 
quently epimeric, they must be either (1) and (2) or (3) and (4). Lyxose 
and xylose likewise give identical osazones. Arabinose on nitric acid 
oxidation gives an optically active trihydroxyglutaric acid, hence ambi- 
nose can have only the configuration (2) or (4). Furthermore, arabinose 
with hydrogen cyanide and subsequent hydrolysis and oxidation gives 
two active dicarboxylic acids, and must therefore have the structure (2), 
as one of the acids derived in this way from (4) would be optically 
inactive by internal compensation. If (2) represents d-arabinose, then 
its enantiomorph represents f-arabinose, and (1) must represent d-ribose. 
Xylose yields an inactive trihydroxyglutaric acid when oxidized and 
must then be represented by configuration (3), and hence lyxose is (4). 
Since f-arabinose, when treated with hydrogen cyanide and the product 
hydrolyzed and reduced, yields a mixture of J-glucose and i-mannose, it 
follows that in these last two the spatial arrangement of their carbon 
atonas three to five, inclusive, is identical with that of i-arabinose. This 
is confirmed by the fact that d-glucose produces d-arabinose on degrada- 
tion by one carbon atom and thus d-arabinose is configurationally related 
to dextrorotatory or d-glucose. 

In the above reasoning no indication is given regarding which of 
the enantiomorphs of each pentose corresponds to the assigned num- 
bers. Fischer used d-glucose and the tartaric acids as his reference com- 
pounds, and this led to ambiguiti^ in the gulose-idose aldohexose series 
winch arose from Fischer’s naming the gulose obtained from d-gluoose 
as the d-form. K(»anoff ^ (1906) has shown that in order to obtain a 

** Fenton, Pne. Chan. Soe., 9 , 113 (1893). 

Weeman, Bee. <ro». cWm., 87, 18 (1918). 

" RoMuwff, J. Am. Chan. Soe., M, 114 (1906). 
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reference substwoe. This substance is ^yceraldehyde, whose d-form is 
reprreented empiricaJIy below. 

CHO 

I 

HCOH 

I 

CHjOH 

It is to be emphasized that the symbols dr and Jr refer to configuration 
and not to sign of rotation, the conventions (dextro) and (levo) denoting 
the latter (p. 304). The s 3 mabol d,Jr will be used to indicate a racemic 
form and i- to denote the inactive and non-resolvable meso form. It is 
well known that d(dextro)-glucose is configurationally related to (levo)- 
fructose, both giving the same phenylosazone. Accordingly the common 
form of fructose is d(levo)-fructose. 

Rosanofi considered all the higher d-aldoses as being derived from 
d-glyceraldehyde by successive cyanohydrin syntheses. Accordingly an 
aldose belongs to the d-series when the hydroxyl group on the carbon 
directly attached to the end primary alcohol group is represented on the 
right in the stereochemical projection formula. The elaboration of the 
aldose series according to Rosanoff is given in Fig. 1. The conventional 
representation is that used by Rosanoff in which a horizontal line to the 
right indicates a hydroxyl group in that direction and the top circle 
represents the aldehyde group. These conventional representations may 
be rotated only in the plane of the paper. 

According to the Rosanoff classification, the same dibasic or saccharic 
acid is obtained from d-glucose and 1-gulose. 


I n 

The representation of the saccharic acid from d-^ucose is indicated by 
(I) and that from f-glucose by (II). The latter when rotated 180“ in the 
plane of the paper is identical with (I). The configuration symbol thus 
loses its agnificance in this case, and the long-known compound prewired 
by Scheele " (1776) is then best represented merely as (dextr«^!»(||t6dmrio 

“ Soh«de, B»egB (Lockemann), "Das Buch der grossen Chtoiikw," Veriag 
Berlin (1920), Vol. I, p. 282. 
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Glyevaldahyde 

Fio. 1. — d-Series of the aldosee 

Glyceraldehyde was obtainable at the time (see, however, p. 1586) only 
in the racemic ord,l-form. The problem of resolving glyceraldehyde and 
adding hydrogen cyanide to the optically active forms was extremely 
difficult. The Bosanoffi classifioation is independent of the actual ful- 
fiilmmt of this step. However, this difficult work was finally accom- 
pMied by WoU and Mtanber * (1914 and 1917), and (dextro)-glycer- 
aldehyde was r^ated to Gevo)-tartaric add. The same (levo)-tartaric 
acid h^ been obtained by Maqueime ** (1901) from the oxidation of the 
tlmeoee formed bp.dte Wobl degradation of natural d-xylose, and thus 
the hexoee degcfdation methods met the t^anohydrin procedures at the 

* 'nw rdaitoiy algs (deitro) or Oevo) refers to that of the equilihrated aqueous wdution 
" vrm Ottd Momber. B«p., «, ^ (Wli) ; «0, 466 (1017). 

** Mskqtmuie, Atm. ehtm. jihv*-. 17] H, 390 (1901). 
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tetrose stage. Hiis leads to Hie designations d(dextio)-^yoera!dehyde 
and d(levo)-tartaric acid. The assignment of the d-configuration to 
levorotatory tartaric acid is of course contiary to the general usage of 
the terms d- and I- for the tartaric acids, ■wherein these symbols are 
employed merely to denote the sign of rotation. 


d(levo)-Tartarle 

ftcid 


The results and significance of this work were incorporated in an impor- 
tant article by Wohl and K. Freudenberg “ (1923). 

RING STRUCTUKE AND TAUTOMERIC FORMS 

Introduction. To return again to the central compound, d-glucose, 
which serves as the protot3T)e of all its relatives, it is f^und that the 
rather involved discussion just completed has advanced the Kiliani 
formula of 

H H OH H 

CHjOH— (CH0H)4-CH0 to CH*OH-C — C — C — C-CHO. 

OH OH H OH 

Fischer " (1893) next began to study further reactions of this polyhy- 
droxy aldehyde, and one of the problems he attacked was that of its 
behavior, under acetal-forming conditions, with methanol and hydrogen 
chloride. He obtained no true acetal but instead only one methyl group 
entered the molecule. The product was non-reducing but showed reduc- 
ing properties after acid hydrolysis. In the following year Alberda van 
Ekenstein*'' (1894) isolated a second isomer from the same reaction. 
To explain such results, Fischer adopted the ring-structm^ formula for 
these derivatives which had previously been suggested by Tollens* 
(1883) for d-glucose. At the same time Fischer correctly insisted that 
the facts as then known did not warrant the extenrion of this ring 
structure to d-gluoose itself. 

Hie two isomeric methanol condensation products of glucose were 

« Wohl and Freudenberg. Ber.. H, 309 (1923). 

" Fieohu, Ber., M, 2400 (1803). 

Alboda van Ekautein, Rec. trm. ehim., IB, 183 (18M) 

« ToUena, Ber., M, 021 (1883). 
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\ / 
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I 

HCOH 

I 

HOCH 

hAo— 

I 

HCX)H 

I 

CHrf)H 


CH,0 H 
\ / 


c 

I 

HCOH 

I 

HOCH 

I 

HCO 

I 

HCOH 

I 

CH,OH 


These formulas represent inner cyclic acetals, and carbon one has 
become asymmetric, thus accounting for the two isomers. Being com- 
pounds of the acetal type, they are stable toward alkali but are hydro- 
lysed by acids. Fischer placed the ring closure on the fourth carbon, 
by aiudogy with the 7 -lactones. This was an arbitrary assumption which 
later proved to be incorrect. 

This classical work of Fischer confirmed previous indications that a 
ring-structure aamgnmmt was needed for other derivatives of fducose. 
Thus, CoUey * (1870) had su^ested a ring structure to explain the reac- 
tions of a crystalHneacetochloroglucose (p. 1573), and A. Michael"’ (1879) 
had synthesized a phenol glucoside. Skraup “ (1889) had decided that 
glucose pentabenzoate oontsuned no free aldehyde group, and finally 
Franchimont (1879; 1892) and Erwig and Koenigs (1889) had used 
this structure to explain the known isomeric pair of glucose pentaace- 
tates. 

Mutaxotation. The extension to ef-glucose of the ring structure 
(dearly required by these methylglucosides involves a consideration of 
the phencanenon of mutarotation (p. 305). Dubrunfaut** (1846) ob- 
served that the optical rotation of a freshly prepared aqueous solution 
of glucose gradually fell to a constant value. This being about one-half 

the ori^nal, he termed the phenomenon birotation. This property 
is possepsed by all sugars, which reduce Fehling’s solution, with the 
SKceptioa of a number of the ketoses. However, the fall to a half value 

«CcdIe]r. dnn. iMm. [4] tl, SS3 {WTO). 

" MkbMl, am. <!kem. J., X, 306 (187B). 

Skraup. UonatA., U, 401 (ISSS). 

** yraaeUmeni, Ser., 11, 1940 (1879); Rte. trot. Mm., 11, 106 (1893). 

« Etsris aM EcMDiaa, i>«r.. Ill, 220? (1889). 

** Dubraafaut, Cfimpt, rtnd., IS. 88 (1846). 
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was, of course, only adventitious for ^uoose, and the name mutarotation 
asmiggestedby Lowry" (1899) is now used. Fischer, the expaimaital- 
ist, did not concern himself with this rotation change otiier than merely 
to suggest that perhaps it was due to hydration. 

The experimental evidence required, to interpret the mutarotation of 
glucose was furnished by Tanret “ (1895) when he prepared two isomeric 
forms of d-glucose. One of these, a-d-glucose, shows a rotation change of 
+ 113“— » + 52.5®; the other, /S-d-glucose, +19®— > + 52.5®. Tlieyare 
thus mutually interconvertible into an equilibrium mixture. Tanret 
obtained the equilibrium mixture as peculiar mixed crystals which he 
thought constituted a third isomer, but other workers soon corrected this 
error. When a sugar crystallizes from solution, it separates almost en- 
tirely in that form which is the least soluble under the conditions, the 
solution equilibrium then shifting to produce more of this isomer. The 
preparation of a sugar in its crystalline a- and ^-forms thus becomes a 
difficult matter as it is necessary to find conditions under which each 
form will crystallize. Such conditions have been realized with only a few 
of the sugars. When the rotation of one form is known, the rotation of 
the other may be calculated by solubility relations according to a 
method developed by Hudson ” (1904) and by Lowry “ (1904). When 
a-d-gluoose dissolves in water containing alcohol the solubility of this 
initial form, quickly attained, is measured. There then results a slow 
increase in solubility, appearing at a rate equal to that of the speed of 
mutarotation. The equilibrium solubility thus measures the combined 
concentrations of a- and d-forms, and the rotation of the |8-form may be 
calculated. It is necessary, of course, to maintain an excess of the a-form 
in the solid phase in order to keep its solubility constant. This method 
depends upon the presence in the equilibrium mixture of only two forms 
in appreciable amount. When the method was appUed to sugars which 
were accessible both in the a- and in the d-forms, the expected rraults 
were obtained. The j3-isomer of d-mannose was the first known form of 
thus sugar, and when Levene " (1923) succeeded in preparing the ot- 
isomer, its rotation was in agreement with that calculated by Hudson 
and Yanovsky ® (1917). 

The kinetics of sugar mutarotation have been studied extensively 
by many workers, among whom Hudson, Lowry, Osaka, Biiber, and 
Isbell have been outstanding. The course of the optical rotation change 

“ lowry, J. Ckem. Soc., 75, 211 (1899). 

" Tanret, BvU. eoc. thim., [3] IS, 728 (1895). 

Hudson, J. Am. Chem. Soc., S6, 1065 (1904). 

W Lowry. J. CKem. Soc., 86. 1551 (1904). 

•• Levene, J. BM. Chem., 67, 329 (1923) ; », 139 (1924). 

" Hudson and Yanovslor, J. Am. Chem. Soc., 89 , 1013 (1917). 
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is gemeral foUows the unimoleeular law. An equation for caloulathig the 
ve&tdtY constant been devdoped which does not require a knowledge 
ef the molecular rotation of the second form. 

*1 . 

o-form ^ * |3-form 

** 

iST = + fts = - log ^ , wherein K is the resultant velocity 

* T'j 7"a(j 

constimt; hi and hj are the velocity constants of the two opposing reac- 
tions; t = time; Tq = initial rotation; r* = final rotation; rt = rota- 
tion at time f. 

For d-glucose, Hudson and Dale " (1917) found the value hi + h 2 
= 0.00625 in water at 20° (minutes and decimal logarithms). This con- 
stant is identical for both forms of the sugar. The velocity of mutarota- 
tion is greatly accelerated by acids and bases, and this point was studied 
by Osaka ® (1900) and by Hudson. The relation for this effect was given 
by Hudson ® (1907) for d-glucose in water in the form: 

= 0.0096 + 0.258 fH+| + 9750 [OH-J 

This equation indicates that the acceleration of mutarotation by hydro- 
gen and hydroxyl ions is directiy proportional to their concentration and 
that the catalytic activity of hydroxyl ions is about 40,000 times as 
great as that of hydrogen ions. From the constant terms in the above 
equation and the velocity of mutarotation of glucose in pure water, 
Hudson “ (1909) calculated the dissociation constant of water as 1.0 X 
10~^*, which is in good agreement Avith the values obtained by other 
methods. It is of interest to note here that further studies on the influ- 
moe of adds and bases on the velodty of mutarotation of glucose played 
a wjnaderable part in the establishment by Lowry “ (1923) and by 
Bibnsted * (1923) of our present general theory of the nature of adds 
and bases. 

Lowry has shown that mutarotation is not effected without a catalyst 
f>.ind that both a protcm donor and acceptor are required. He has also 
dkown that the phenmnenon of mutarotation is not confined to the sugar 

t that only an amphoteric solvent, such as water, is a true 
f mutarotation. Lowry and FauUmer ® (1925) showed that 

sod Dale. &(d., W, 320 (1917)- 
Z. phytik. Cbm., », 001 (1900). 
i, J. Aw. Chaw. Soc., W. 1872 (1907). 
i, ibid,, 81. 1130 (1909). 

Chmittry A Industry, 48, 48 (1923). 

•• j^OOMed, Sap. iraa. ehte.. M. 718 (1923). 

® Wmv wd EatdloMr, /. Cbm Soc,, 187, 2883 (1925). 
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the mutarotation of tetramethylgluoose (p. 1664) could be arrested m a 
pyridine (weak base) solution ami in a eresol (weak add) solution, but 
that a mixture of diese two solvents gave a velodty twenty times as great 
as that of water. Lowry terms mutarotation a prototropic change and 
attributes it to a proton shift in which the solvent plays a part. He 
interprets the change of an a- to a /3-sugar as passing through an intw- 
mediate acyclic form (in water, the aldehydrol). 


H 


OH 


OH 


HO 


HOH 


HOH 


C zrr-* HC : > r. 

\ 

l\ 

0 

1 1 

OH 


\ 


0 


The deviation from the monomolecular law of the first part of the galac- 
tose mutarotation curve lends itself to this interpretation, and Smith 
and Lowry “ (1928) have treated the data from the standpoint of a three- 
membered equilibrium. Evidence that more than two forms of a sugar 
are involved quite generally in mutarotation phenomena has also b^n 
obtained by Riiber “ (1922 on) from studies of changes in volume and 
refractivity of sugar solutions undergoing mutarotation. Similar con- 
clusions have been drawn by Isbell and Hgman ™ (1933 on) from precise 
optical rotatory measurements. 

The known crystalline ketoses (Table VI, p. 1588) exhibit abnormal 
mutarotation phenomena. d-Fructose displays an enormous temperature 
effect, sorbose shows a bare trace of mutarotation," and tagatose shows 
none. The aldopentose ribose has a rapid and anomalous mutarotation." 
Thus it would appear that the tautomeric phenomena traced by these 
changes in optical rotatory power are not of the same nature throughout 
the sugar series. 

a-, /S-Isomerisni. The preceding discusaon of the phenomenon of 
mutarotation certainly establishes the fact that d-glucose, in common 
with all the mutarotating sugars, exists in at least two isomeric forms, 
the ordinary or o-d-glucose and the second or ^-d-glucose. E. F. Arm- 
strong " (1903) was able to relate these two forms of glucose to the two 
methyl^ucosides of Fischer by means of a very simple and beautiful 



" Cf. Isbell and Pigman, J. RenarA Nail. But. Standarda, 10 , 773 (1038). 
^ Pigmftxi and Isb^, tWd., 19f ^3 (1937), 

Ph^pa. Isbell, and Pigman. /. Am. Ch«m, 5oc., M. 747 (1934). 

CAew. Soc., 1^K)5 (1903). 
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Fisdier (1894) liad fotmd tiiai <»>metii3Fl^<!0^e ^ 
Itg^dzol^iieii by tbe eoxyme maltase and the /S-iaotoer by emulsin. Arm 
strong simply obsared these enzymatic hydrolyses polarimetrically am 
established fact that the lucoeide liberated initially tAe highe 
rotatory form of ^uoose and the d- the low^ or jS-glucose. Behrend anc 
Roth * (1904) also related a* and j9<glucose to the two known glucos( 
pentaacetatea by acetylaticHX with pyridine and aoetio anhydride at 0° 
a-Gluct^e produced a-gluoose pentaacetate ([tflo + 102®, CHCI3) anc 
/S^luoose yidded the /S-pentaacetate ([a]D + 4®, CHCI3). 

Thus the presence of a ring structure iu d-glucose was established 
There remained the problem of establishing upon good experimenta 
evidence two pcunta: first, the point of ring closure; and second, th( 
configuration of carbon one. 

Hudson ™ (1909) has given an empirical rule for designating a-, 0 
isomers. Of an a-, /S-pair of sugars in the dnseries, he terms the a- tha 
one which has the higher dextro rotation and assigns the hydroxyl U 
the ri^t. 

H OH HO H 

“n n 

0 0 

1 I 

«- a 

TTw reverse of coarse holds for the l-series, the enantiomorph of a-d 
glucose being designated a-l-glucose. 

“Kie knowledge of the a-, ^isomerism of sugars and their derivative 
'tdiich is now available is due msunly to the work of Hudson and hi 
co-WOTkere. Hudson and Yanovsky ” (1917) measured the rotatioi 
values of the unknown forms of the sugars by the maximum solubiliti 
metiiod, Iwt Ehidson turned to the acetates of the sugars for a more con 
vemrait and rither source <rf pure <*-, /S-isomers. The dextro or o-glucos 
pmtaaeetate had been prq^ued by PVanchimont ™ (1879; 1892), an< 
Uss by Erwig and Kocaigs » (1889). They have the following stnic 
tores, in which ihe ring assignment was demonstrated latCT by method 
yet to be tksciibed.'' 

>*%Klier, Ser^ St, 20S6 (ISM). 

Ann., Ml, 359 (1904) ; Hiidaon aod Date. /• Am. Chem. Soc., 81 

(1918). 

J. Am. Chm. Soe., 81, 86 (1909). 

^ Htidmn aod Yanovsky, ibiA, S>, 1013 (1917). 

« Fnmdibnont, Ber., U, 19*0 (ISTO) ; Rea. bm. eftuit., 11. 106 (1892). 

» Brwic and £6eiii«s, Btr., St, 2207 (1889). 



CARBOHYDRATIS I 


H OAo 


\ / 


C 

I 

HCOAe 

I 

AcOCH 

I 

HCOAc 

I 

HCO 

I 

CHjOAc 


o-d-Gluoaoe 

pentuweute 


AcO H 
\ / 


? 

HCOAc 

I 

AcOCH 

I 

HCOAc 

I 

HCO— 


CHjOAc 


pentaAoetate 


tm 


The methylglycosides (glycose referring to any sugar) and their acetates 
were also included in Hudson’s studies. 

It will be of interest to describe briefly the methods used in obtaining 
isomeric sugar acetates. When the two crystalline forms of a sugar are 
known, the previously cited Behrend acetylation at 0® with pyridine 
and acetic anhydride serves admirably.’® The ^-isomer (for the dnseries) 
is obtained by acetylation of either form of the free sugar with hot acetic ' 
anhydride and sodium acetate. The /S-isomer is transformed to the os- 
form by heating with acetic anhydride and zinc chloride, a reaction due 
to Erwig and Koenigs (1889) but correctly interpreted and greatly ex- 
tended by Hudson. 


a-d-Glucose 


Ao|0 


pyndme 


-> a-d-Glucose pentaacetate 


i^ciO 


NsOAo 


^-Glucose 


AOfO 


AojO 


pyndme 


-> ^-d-Glucose pentaacetate 


Rules of Optical Rotation. Hudson became greatly interested in a 
study of the numerical values of optical rotations, being especially con- 
cerned with testing the van’t Hoff theory of optical superposition in the 
sugar group. Hudson ® (1909) developed two rules which he termed the 
rules of isorotation. If the rotation contributed by carbon one is termed 
A and that of the remaining asymmetric centers B, then the molecular 
rotations will be: 

for the o-form (d-eeries), A + B 
“ “ /3-form “ A-bB 

•• Hudson, J. Am. Chem. Soc., 31, 66 (190B). 
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It fi^IowB from t3ie above that in an a-, |S- pair of isomers, the sum (2B) 
moleoolar rotations will be a constant (rule 1) dutracteristic 
of the particular sugar, and the difference (2A) will be a constant (rule 2) 
characteristic of the nature of the hydroxyl group or substituted hydroxyl 
<m carbon one. These modified rules of optical superposition apparently 
do not have a rigid general application but hold remarkably well with 
many dosdy related structures, as is illustrated in Tables 1, 11, and Y 
(pp. 1553 and 1582). 

Hudson’s rules of isorotation having been briefly discussed, a number 
of other rules based upon optical properties may be cited. Hudson 
(1910) observed that, in the ordinary y-lactones of the aldonic acids, the 
sign of rotati<Hi of the lactone was determined by the spatial configura- 
tion of the asymmetric center (carbon four) where lactonization took 
place. If carbon four was (+), hydroxyl on the right, the lactone was 
dextrorotatory; and if carbon four was (— ), hydroxyl on the left, the 
lactone showed a levorotation. Levene “ (1915) obtained evidence to 
show that, when carbon two in a sugar acid is (-f ), the ion (rotation of 
the salt) is more dextrorotatory than the slightly dissociated free acid, 
and vice versa. It was also noted that the sign of rotation of the phenyl- 
hydrazides of the sugar acids was determined by the sign of carbon two : 
when this was (-f) the hydrazide was dextrorotatory, and vice versa. 


TABLE I 

OmcAi. Rotations or Acxm.ATEO Soqabs in CEiiORoroRU 


Substance 

Molecular 
Rotation 
of a-form 

Molecular 
Rotation 
of d-fonn 

2A 

(Differ- 

ence) 

2B 

(Sum) 

{-Arabinose tetraacetate * 

-(-13,500° 

-(-46,800° 

-33,300 

+60,300 

d-Xykee tetraacetate 

-(-28,800 

-7,900 

+36,200 

+20,400 

d-QIuoose pentaacetate 

-(-39,600 

-(-1,500 

+38,100 

+41,100 

d-Manoose pentaaoetate 

-1-21,600 

-9,800 

+31,300 

+11,700 

d-Gataetose pentaaoetate 

-(-41,700 

-(-9,000 

+32,700 

+60,700 

d-loi-Gluooheptose] hexaacetate 

-(-40,200 

-(-2,200 

+38,000 

+42,400 

d-Olucosamine pentaaoetate 

+3B,m 

+m 

+36,930 

+36,000 

d-Choodrosaimne pentaaoetate 

•f 80, 400 

+4,100 

+86,800 

+43,600 

CelloinoBe oetaaeetide 

-(-27,800 

-9,900 

+37,700 

+17,900 

Gat^c^noee oetaaoetate 

-f 36, 600 

-3,600 

+39,100 

+31,900 

Loe^n octoaoetAte 

-t-36,600 

-2,900 

+39,400 

+33,600 

hbikiee oetaaoetate 

I 

-f 83,000 

+42,600 

+40,600 

+126,500 


* Hie iMAttaw den irf aa if do* to tbk Mbs u tcugu. 

« HvOiau, ^ n, m (IdUfi i ef. Hudson, Ond.. «, 162S (1939). 
# « Lraon, BM. CW, 13, 146 (1918). 
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TABLE II 


Ofticaii Rotations of Acttylated METHTuiiiTcosiDES in Chlobofobu 


j 

Substance 

1 

Molecular 
Rotation 
of o-form 

Molecular 
Rotation 
of p-form 

2A 

(Diffff. 

enee) 

Methyl-il-xyloside triacetate 

+34,700° 

-17,600° 

+52,300 

Methyl-<i-gluco8ide tetraacetate. . 

+47,300 

-6,600 

+63,900 

Methyl-<f-galacto8ide tetraacetate 

+48,400 

-5,100 

+63,500 

Methylgentiobioslde heptaacetate 

+41,900 

-12,350 

+54,260 

Methylcellobioside heptaacetate 

+36,200 

-16,600 

+62,700 

Methyl-d-guloeide tetraacetate 

+35,200 

-11,600 

+46,800 

Methyl-d-[a-glucoheptoside] pentaacetate.. . 

+39,500 

-6,900 

+46,400 

Methyl-(f-manno8ide tetraacetate 

+17,800 

-18,100 

+35,900 

Metbyl-t-rhamnoside triacetate * 

-16,300 

+13,900 

-30,200 


* Measured in acetylene tetrachloride solution. 


This is known as the hydrazide rule of Levene and Hudson. Hudson “ 
(1918) found that it applies likewise to the sugar amides, and Deulofeu “ 
(1933) has shown that it also applies to the acetylated nitriles of the 
sugar acids. These rules are of a more qualitative nature than the 
isorotation rules and have found wide application. In particular, the 
lactone rule of Hudson has been of great value. For example, Clark “ 
(1922) determined the configuration of carbon five in the methylpentose 
Wucose by a clever application of the lactone rule. Anderson* 
(1912) has shown that jS-d-metasaecharonolactone (p. 1646) rotates 
slightly to the left (—4.7°) and is in disagreement, therefore, with the 
relation between rotation and structure because its y-ring is to the right 
of the structure. As Anderson points out, however, j3-saccharonic acid is 
strongly levorotatory, and the change of rotation due to lactone forma- 
tion is in the direction called for by theory. The same explanation prob- 
ably holds for the small levorotation of d-allonolactone (—6°), which is 
in the opposite direction to that indicated by theory. 

Establishment of the Pyranose Ring Stracture. In 1915-1916 Hud- 
son and his co-workers Parker and Johnson were investigating the oe- 
and /S-pentaacetates of d-galactose and obtained four crystalline isomers, 

“ Hudson, /. Am. Chan. Soc., 40. 813 (1918). 

** Deulofeu, Nahire, 131, 348 (1933). 

“ Clark, J. BioL Chan., 64, 65 (1922). 

** Anderson, J. Am. Chan. Soc., 34, 51 (1912). 

” Hudson and Parkn, dad., 37, 1589 (1915) ; Hudson and J. M. Johnson, tKiL, SS, 
1223 (1916). 
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COTPes^mnding with two a-, /3-pairs. TWs repr^ented excellent evidence, 
based upon crystalline derivatives, that more than one ring form could 
exist in a sugar and could be explained on the basis of ring closure on dif- 
ferent carbon atoms. Similar compounds were not obtained in the 
glucose series until 1927 when Scfalubach and Huntenburg “ added the 
third and fourth pentabenzoat^ of d-glucose to the two previously 
prepared by Skraup* (1889) and by Fischer and co-workers*® (1911; 
1912). Sugar benzoates are rather difficult to purify, and Levene and 
Meyer ” (1928) were able to change considerably the constants given by 
flsdier and by Schlubach for these compounds. 

The determination of the size of the oxide ring in sugar derivatives 
was first accomplished by means of methylation studies. Purdie had 
developed a workable method for obtaining methyl ethers of hydroxy 
adds, which consisted in reacting the alcoholic substance with methyl 
iodide and silver oxide. In 1903 Purdie and Irvine** published the results 
of their extendon of this reaction to a-methyl-d-glucodde. A penta- 
methyl derivative was obtained which could be distilled in a good vac- 
uum and which on hydrolysis lost the glycosidic (carbon one) methyl 
group and produced a crystalline tetramethylglucose. The latter fact 
was indeed fortunate, as this substance still remains one of the few 
methylated sugars which crystallizes with any ease. In this derivative 
the hydroxyls are blocked with stable ether groups, and many results 
could now be obtained which were not possible with substituents less 
resistant to chemical action. 

An alternative methylation procedure applicable to the sugar series 
is that employing methyl sulfate and alkali. This general method of 
etherification was first recorded by Ulmann and Wenner ** (1900) ; it was 
applied to the methylation of cellulose by Denham and Woodhouse ** 
(1913); and was shown to be suitable for the methylation of glycosides 
by Haworth ** (1915). 

Tetramethylglucose is a substance which can be oxidized, and from 
a study of its oxidation products the point of ring closure may be ascer- 
tmned. Hirst •* (1926) oridized tetramethylglucose with nitric acid and 

*ScUabMh and Himtenburs, Ser,, SO, 1487 (1827). 

"Sknuip, MomUtk., 10, 398 (1889). 

** Fiwdier and HeUerich, ann., SS3, 68 (1911) ; Fiioher and K. Freudenborg, Ber., 45 
2724 ^ 012 ). ' 

•‘XereiM aiid Mejrer, J. Biol. Chem., 76, 613 (1928). 

Purdie and Ilrrine, J. Chem. See., 88, 1021 (1903). 

' ^Plmaon and Wwiner, Bet., 88, 2476 (1900). 

M Pgidlam and Woodhouae, J. Chem. Soc., 108, 1736 (1918). 

•»HaW«rth. fbi4.. 107, 13 (1916). 

**aint. ibu., 860 am). 



CABBOHYDRATES I 


im 


H OH H OMe H OMe 



CHsOH CHaOH CHjOMe 

okW31uoo«o Tetrain*thyI-a-mathyl-<2-gluco<ida 

gluoouds 

I HOH 
I (HO) 

H OH 

\ / 

C 

I 

HCOMe 

I 

MeOCH + MeOH 

I 

HCOMe 

I 

HCO 

I 

CHjOMe 

Tetramethylni-gluooee 


identified the acids formed by means of their crystalJine diamides. He 
identified i-trimethoxyxyloglutaric acid and (dextro)-dimethoxysuccinic 
acid among the oxidation products and thus established the fact that the 
ring closure in tetramethylglucose was on carbon five. The diamide of 
this methylated tartaric acid had been characterized previously by Pur- 
die and Irvine (1901). 

Since Armstrong had related a-d-glucose to a-methylglucoside, a- 
glucose itself has the same ring structure as tetramethylglucose, provided 
that no ring shift occurred during the methylation process. Since j3- 
methylglucoside likewise yields the same tetramethylglucose, a- and jS- 
glucose have the same ring structure. This is variously denoted as (1,5-), 
amylene oxidic, normal or pyranose. The last name was suggested by 
Haworth and is preferable. Accordingly, the ordinary crystalline form 

” Purdie and Irvine, Aid., 79, 960 (1001). 
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of glucose ifl accurately named owi-glucopyranose and has the following 
structure: 

H H OH H H 

I I I I I 

I 1 I I I 

0 OH H OH OH 

1 I 

Hawordi ooitectly considers that the true spatial relationships are better 
shown by a hacagonal formula, and this type of representation has been 
widely adopted, especially for depicting the disaccharide and polysac- 
charide molecules. X-ray evidence in support of such a ring has been 
obtained.** 

CH^H 


of (be FuxBUOBe Ring Structure. The pyranose ring 
itiuc^ttliBtablislied for a- and /3-d-glucose has be^ extended to other 

' W M, leg (1040). 
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sugars, and it has been determined that the normal or ordinary forms 
of the sugars and thdr derivatives possess the pyranose ring. Other 
ling structures are possible, however. In 1932 Haworth ** reported the 
synthesis of a third crystalline methylglucoside which contained a (1,4-) 
or furanose ring. Substances containing this unstable ring have also 
been termed butylene oxidic or 'y-sugars. In place of the name ring, 
the term lactol has been suggested by Helferich, this name being analo- 
gous to lactone. As the above glucofuranoside was synthesized from 
monoacetoneglucose, it is necessary to digress sufficiently to discuss the 
structure of this ketone condensation product of glucose. In working 
with the sugar alcohols, Meunier (1888) had characterized them as 
their benzal derivatives, in which the benzaldehyde had undergone acetal 
formation with the polyhydroxy sugar alcohol to form a cyclic acetal. 
This reaction is general for polyhydroxy compounds and is effected by 
treatment of the substance with the aldehyde or ketone in the presence 
of an acidic dehydrating agent such as zinc chloride or sulfuric acid. In 
1895 Fischer obtained a crystalline derivative of glucose in which two 
moles of acetone had reacted with the glucose. This substance is known 
as diacetoneglucose, and, on graded acid hydrolysis, crystalline monoac- 
etoneglucose is formed. The structure of these two compounds has been 
the subject of a number of inv^tigations. 

Irvine and Scott*® (1913) methylated diacetoneglucose, and after 
removal of the acetone groups they obtained a beautifully crystalline 
monomethylglucose which formed a crystalline monomethyl phenyloso- 
zone. They also obtained a syrupy trimethylglucose from monoacetone- 
glucose. Neither of the two unsubstituted acetoneglucoses reduces 
Fehling’s solution. These facts place the acetone group of monoacetone- 
glucose on positions one and two. Levene and Meyer *® (1922) oxidized 
this monomethylglucose with nitric acid and obtained a crystalline mono- 
methylglucosaccharolactone, thus eliminating positions one and six for 
the methyl substituent. 

The allocation of position three for the open hydroxyl of diacetone- 
glucose was made by K. Freudenberg and by Levene through the use of 
entirely different methods of proof. K. Freudenberg and Doser *® (1923) 
converted diacetoneglucose to the previously known 3-pyrazolecarboaylic 
acid through the following steps, all products being crystalline. 

" Haworth, Porter, and Waine, J. Chan. Soc., 22S4 (1932). 

*“ Meunier, Compt. rend., 106, 1425 (1888). 

*«* lilsoher, Ber., 18 , 1165 (1895). 

*® Irvine end Scott, J. Chem. Sac., lOS, 570 (1913). 

10* Levene and Merer, J. Biol. Chem., 84 , 805 (1922). 

*** Freudwiberg and Doeer, Ber., 86 , 1243 (1923). 
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Levene and Meyer** (1924) converted the monomethylglucose of 
Irvine and Scott to a crystalline monomethylglucoheptonolactone 
through the cyanohydrin reaction. This lactone was dextrorotatoiy 
(4-48®) vdiereas the lactone of d-a-glucoheptonic acid is levorotatory 
(—56®), Therefore, in accordance with Hudson’s lactone rule, the 
single (— ) carbon (hydroxyl on left) of ^ucose is occupied by a methoxyl 
group in the mcmomethylglucose, and this (— ) carbon atom is known to 
be number three. Levene and Simms ** (1925) showed that the above 
4-methylglucoheptonolactone was an unstable or $-lactone. 

The above work gives the structure of the first three carbons of 
diacetoneglucoee, but does not establish the nature of the remainder. 
Levene and Meyer **** (1926), and also Micheel and Hess *® (1926), 
furtho: methylated the syrupy tiimethylgluGose prepared from mono* 
acetoneglucose and obtained a ring isomer of tetramethylglucopyranose. 
Micheel and H^ reported their final product as crystalline and melting 
a little above 0®. The furanose nature of this ring was proved definitely 
by Andoson, Charlton, and Haworth ** (1929) by oxidation to 2,3, 5,6- 
tetramethyl^uconic acid, isolated as its crystalline y-lactone and crys- 
talline phenylhydraride. The fact that the acetone group of mono- 
acetoneglucose Is placed on carbon atoms one and two was established 
beyond doulyt |py the isolation of a crystalline trimethylglucose phenyl- 
osazone of the trimethy^ucose by tbe% workers. Accordingly, it is now 

** I/eveos iftnd Meyer, J. Biol. Chmn., (0, 173 (1924). 

** Lievette and SKmns, t&id., 6f, 81 (1928). 

«ul Meyer, ibid., TB, 848 (1936). 

X* MiobMl and Hees, Ann., 4B0, 31 (1926). 

*** AndenoB, Chariton, and Haworth, Chem. Soe., 1339 (1929). 
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appsreat that, in diacetonegluoose, positions one and two cany an 
acetone group ; three is open, and the lactol ring is on carbon four. This 
leaves positions five and six for the second acetone group. It is of interest 
that a furanose (1,4-) derivative is thus directly obtained from an add 
solution of glucose. 
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The above proof of structure does not involve the unwarranted as- 
siunption that acetone reacts only with hydroxyl groups that are adja^- 
cent. This assumption has been definitely disproved by the thorough 
studies of Hibbert and co-workers on glycerol cyclic acetals. He has 
shown that a partition is established between the five- and six-membered 
cyclic acetals. This variation in ring size has a bearing on sugar lactol 
structure, as sugar lactols are really five- and six-membered cyclic 
hemiacetals. 

Monoacetonegluoose is anon-reducing structure in which the furanose 
ring is stabilized. By reacting this substance (I) with phosgene, Ha- 
worth and Porter (1929) obtained a crystalline 5,6-carbonate of mono- 
acetoneglucose (II). The structure of this substance was proved by 
converting its p-toluenesulfonate into the known p-toluenesulfonate 
of diacetoneglucose. In tlus mixed carbonate and cyclic acetal of glu- 
cose, Haworth possessed a compound wherein the acetone group was 
sensitive to acidity and stable to alkali, whereas the carbonate ester 
group had the reverse reactivity. Reaction of this substance (II) with 
methanol and hydrogen chloride resulted in the loss of the acetone group 
and formation of the crystalline a- and ^methylglucofuranoside-5,6- 
carbonates (III), the furanose ring structure being meanwhile stabilized 
by the carbonate group. These were separated, and mild saponification 
produced the gluoofuranoaides (IV), of which only the ot-form was ob- 
tained crystalline. This work was completed by Haworth, Porter, and 

n® Haworth and Porter, ibid., 2798 (1929). 
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ia 1932. In the case of the Himiiar ethylgIu<»furanoig<les, 
Baworth and Porter (1929) succeeded in obtaining botii a- and )3- 
fonns in cr 3 rstalline condition, the s^ajration bdng effected through 
fractionation of their crystalline 5, 6-carbonate-2, 3-diacetates. 



Thes6 furanosides are characterized by their ease of hydrolysis with 
acids, and the ring is accordingly very labile. They are not affected by 
dilute permanganate or by Fehling’s solution. Previous statements that 
such behavior was characteristic of y-glycosides were thus shown to be 
in error, easily oxidizable impurities being present in the older syrupy 
preparations. 

Complete methylation of a-methylglucofuranoaide followed by hy- 
drolysis of the glycosidic methyl group produces the liquid tetramethyl- 
glucofuranose or y-tetramethylglucose. This substance on oxidation 
with hypobromite forms a crystalline lactone, which in turn may be 
converted to a crystalline phenylhydrazide. Nitric acid oxidation of this 
lactone by Haworth, Hirst, and Miller'** (1927) yielded (dextro)- 
dimethoxysuccinic acid, isolated as the crystalline amide and methyl- 
amide. 

I 


H OMe H OMe H OH O 



The ^ and ^glucttfuranose pentabenzoates of Schlubach are well- 

*'*BaiWorth, Porter, Mod Wains, ibid., 2264 (19S2). 

U* Hwirortik, mat. «nd MOkr, ibid., 2436 (1927) . 
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eharaotmzed crystalline derivatives of glucofuranose. Their structure 
follows from their method of preparation from monoaxsetoneglucose, in 
which the furanose ring is established by the experiments previously 
cited. Fischer and Rund (1916) had benzoylated monoacetoneglucose 
and selectively hydrolyzed the acetone group with hydrochloric acid, thus 
producing the tribenzoate, which was isolated as a ciystalline carbon 
tetrachloride addition compound. Fischer was merely interested in ob- 
taining a partially benzoylated sugar and of course was unaware that he 
had in hand a glucose derivative containing an unusual ring. The con- 
tribution of Schlubach (1927) was to benzoylate this substance further 
and to separate and isolate the two isomeric pentabenzoates thus 
formed. 

The methods used for obtaining benzoylated sugars may be men- 
tioned briefly. By means of the Schotten-Baumann method using dilute 
alkali and benzoyl chloride, Kueny (1890) and other workers obtained 
some of the first sugar esters. The difficulty with this method when ap- 
plied to the sugars was that mixtures of partially benzoylated structures 
generally were formed. To obtain complete benzoylation of a sugar, 
Fischer (1912) used successfully benzoyl chloride and quinoUne. This 
procedure was later improved by substituting pyridine for the quinoline. 


H OBz 




HCOBt 


»*Fi«chef And Kuod, Ber., 49, 100 (1916). 
lu SoUubsch And Huntenburg, B€r., 60, 1487 (1927). 
“* Kueny, Z. phynol. Chem., 14, 333 (1890). 

11* FiAoker end K. Fieudenbwg, Ber., M, 2724 (1012). 
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Teirametiiylgluoofuiimose had been prepared in 1915 by Irvine 
and his students throuid^ methylation and subsequent hydrolysis of ^ 
so>«a}Ied y-methylglucorade obtained by Fischer in 1914 and recog- 
nized by him as a ring isomer of the ordinary or normal methylglucoeidee. 
Tlie 7 - (termed by the Gmnan workers A- for hetero) methyl^uooside is 
the impure syrupy mixture which arises when glucose is allowed to react 
with methanol at room temperature in the presence of a considerable 
concentration of hydrogen chloride. This reaction is a general one for 
the reducing monosaccharides, and all the 7 -glyoosides so obtained are 
characterized by their ease of hydroly^. Some of the normal glycosides 
Me likewise formed in the reaction, and Levene, Raymond, and Dillon 
(1932) have obtained data to show that the 7 -glyco 8 ides are produced 
initially and then rearrange in part, under the experimental conditions, 
to form the more stable pyranosides. It is probable that this is not a 
true rearrangement but a hydrolyas followed by glycopyranoside for- 
mation. Very few crystalline isomers have been isolated from these 
7 -methylglycoside syrups. Hudson and co-workers have isolated a crys- 
talline isomer from the reaction product with fructose^ (1934) and 
with arabinose (1937). Haworth (1930) obtained crystalline a- 
methylmannofuranoade from mannose after he had obtained nuclei by 
an extenaon to maimose of his carbonate work, so successfully used 
in obtaining the pure methylglucofmanoside. A fortunate point with 
mannose is that this sugar tends to form only one glycoside, the a~, and 
so the number of possible isomers present in the syrupy 7 -methylman- 
noside was accordingly decreased. All the methylated furanose sugar 
preparations so far obtained through these y-glycosides have been syr- 
ups. In the partially substituted sugar series, a crystalline 5-methyl-t- 
rhamnofuranose has been recorded.*" 

An important general procedure for the synthesis of furanosides has 
been established by Green and Pacsu *" (1937). These workers found 
that, when a sugar mercaptal (p. 1575) is treated at the appropriate 
temperature with mercuric chloride and yellow mercuric oxide in the 
presence of an alcohol, a mixture of the a- and |S-furanosides of the alcohol 
used may be obtained. The reaction sometimes leads to the formation 
of thiofuranosid^ (furanosides of thiols) or of acyclic acetals (p. 1578). 

Irvine, Vyfe, J. Chem. Soc., 107 , 624 (1916). 

FSicher, (1914). 

Levnse, RajSlMt and DiUon, J. BUA. Chem., 96 , 099 (1932), 

Purves ani^lp^n, J. Am. Chem. Soe., S6. 708 (1034). 

Mcmt«(iiW|tf Hudson, Und., U, 092 (1037). 

ond J- Chem. See., 661 (1030). 

HMi&lliil Porter, ibid., 640 (1930). 

LMfiSd Compton, J. Biol. Chem., 114 , 0 (1036). 

Pkeeu, /. Am, Chm. See., 69 . 1205 (IftST). 
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By means of the above method a number of crystalline furanosides 
have been made available. Thus, the first crystalline pair of methyl- 
furanosides in the sugar series was found for d-mannose (1940), and 
the «- and j3-forms of ethylgalactofuranoside were prepared.*®* 

The tetrose sugars can exist in the monomolecular form only as a 
furanose or smaller ring. None of the tetrose sugars has so far been 
obtained crystallme. The molecular weight of an erythrose syrup has 
been found to be that of a normal monomer by Deulofeu (1932). 
This might have been expected from the previous work of Helferich and 
his collaborators *** (1921) willi y-hydroxy aldehydes. An outstanding 
advance in tetrose chemistry was the isolation of a crystalline diacetate 
of d-threose by W. Freudenberg **“ (1932) and of a crystalline triacetate 
of the same by Hockett *** (1934). Swan and Evans ** (1935) also ob- 
tained the first crystalline glycoside of a tetrose (a-methyl-i-arabomethyl- 
oside). 

Lactone Studies Related to the Determination of Sugar Ring Struc- 
ture. Any discussion of ring structure in the sugar series would be in- 
complete without a consideration of the supporting evidence obtained 
from the study of lactones. It has been mentioned bow the early known 
y-lactones of the sugar acids were important in s3mthetio work and also 
how a statistical study of their rotatory power led to the establishment 
of the lactone rule of Hudson. Some confusion entered this field when 
Nef and Hedenburg *** in 1914 isolated a second crystalline lactone of 
gluconic acid and also a second of mannonic acid. It was obvious that 

Soattergood and Pacau, i&td., 68, 903 (1040). 

Qreen and Faoau, ibid., 89, 2669 (1937). 

Deulofeu, J. Chem. Soc., 2973 (1932). 

**• Helferich and Lecher, Her., 84 , 030 (1021). 

in Freudenberg, Btr., 68, 168 (1932). 

«* Hockett, J. An. Chem. Soe., 86, 994 (1934). 

SwAn and Evans, Md., 87 , 200 (1936). 

**' Nrf, Atm., 408, 322 (1914) ; Hedenburg, J. Am. Chmn. Soe., ST. 846 (lOlOy. 
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one lactfme m eadi of tlie two paira was not a ‘y-lactone. Of tiie two 
laetcxneB, one was mudi more unstable than Urn other, and this unstable 
form was apparently the 6ne which was not the 7 -lactone. 

In 1925 Levaie and Simms published a very important paper in 
which they showed dearly that, when a free aldonic add was liberated 
from an aqueous solution of its salt by the addition of one equivalent of 
mineral add, lactonization took place in two stages. The first was a very 
rapid formation of an unstable lactone, followed by the slow formation 
of the stable 7 -lactone and the disappearance of the unstable lactone. 
The final equilibrium mixture apparently contained the 7 -lactone in 
equilibrium with the free add. This re min ds one of the results obtained 
later by Levene, Raymond, and Dillon in their studies of methylglyco- 
side formation. 

Levene and Simms “* (1925) applied this procedure to the two 
metiiylat^ mannonic adds. The one acid (I) was obtained from the 
aystaUine methylation product of the stable mannonic lactone and the 
other (II) by oxidation of normal tetramethylmannose. Acid II rapidly 
formed an unstable lactone in aqueous solution; acid I showed the slow 
formation of a stable, apparently (1,4-), lactone. The conclusion was 
reached then that normal tetramethylmannose and thus also the ordi- 
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oary a>methylmannoside did not possess a (1,4-) ring bat probably had 
a (1,6-) ring. In 1926, Levene and Simms extended this work to the 
glucose series with similar results. 
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There had now been obtained by Haworth and by Irvine two series 
of methylated reducing sugars. The first or normal forms were those 
obtained from the ordinary methylglycosides, and the oxidation evidence 
gradually accumulated to show that all had the pyranose structure. 
The other series of methylated sugars was the one obtained from the 
Fischer y-methylglycosides and contained the furanose (1,4-) ring. 
When the methylated sugars of either series were oxidized, the lactones 
of the corresponding methylated aldonic acids could be obtained. Of 
the two tetramethylgluconolactones, the y- (1,4-) is crystalline and the 
5- (1,5-) forms a crystalline phenylhydrazide. Their structures have also 
been determined by Haworth, Hirst, and Miller *** (1927) by nitric acid 
oxidation. 

Haworth and his students (1926) studied the rate of lactone hy- 
drolysis exhibited by the methylated aldonolactones. This was the 
reverse process of the one studied by Levene and Simms. The resiUts 
showed that the lactones obt^ed from the methylated aldo^ of the 

*** Levene and Simms, ibid., 68, 737 (1026). 

HavorUi, Hirst, and Miller, J. Chtm. Soe,, 2436 (1927), 

Citariton, Haworth, and Peat, ibid., 80 (1026). 
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Y-methylglycodde aeries hydrolysed very slowly and exhibited all the 
properties of y-lactones. On the other hand, the (1,5-) or 5-lactones 
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* Ww^ fbataiik, ‘‘Th* Conatitii&n of Sugui,” Arnold and Co., London (1029). 
fOOnrtiev^ fiw aiablialMn.1 
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obtained from the ordinary or normal methylfdycoi^de series showed a 
high speed of hydrolysis. The behavior toward hydrolysis of the (1,4-) 
and (1,6-) oxygen rings in the methylated lactones of the aldonic acids 
is thus the reverse of that exhibited by the corresponding oxygen rings 
of lilie sise when present in a methylglycoside structure. 

It is inferred that the unstable lactones of the unmethylated aldonic 
acids noted by Nef and Hedenburg and by Levene and Simms are ala) 
j-Iactones. This inference is somewhat dangerous, as it involves rea- 
soning by analogy. It is supported, however, by the optical data 
obtained by Levene and Simms for galactonic acid, in which a dextro- 
rotatory lactone was formed first, followed by a levorotatory lactone. 
Now carbon atom five of d-galactonic acid is (+ ) and number four is 
(— ), so that, if Hudson’s rule may be extended to 5-lactones, the results 
are in harmony with a 5-8tructure. 


CO^ CO 

I I 

HCOH HCOH 

I I 

HOCH ?=t HOCH 

I I 

HOCH HOCH 

I I 

HCOH HCO 

I I 

CHsOH CHjOH 

d-GaUotoiiio Acid (dextro) 
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HCOH 
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HCOH 
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CH^H 
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CO 

I 

HCOH 

I 

HOCH 
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OCH 

I 

HCOH 

I 

CHjOH 

Cevo) 


A further use has been made of the divergent properties of the two 
types of aldonolactones in the direct determination of aldose ring struc- 
ture. The results of Armstrong (p. 1549) allowed the pyranose structure 
of the normal methylglucosides to be extended to glucose itself. This 
proof was practically unique for d-^ucose because of the specificity of 
enzymic action. It was tacitly assumed that the pyranose structures 
obt^ed by methylation of the methylglycosides could be extended to 
the free sugars. This was somewhat obscured by the fact that the "nor^ 
mai” methylglycoside was the one produced by the apparently more 
vigorous methylglycosidic formatimi conditions, as has been noted. 
There was a need, then, for a more direct determination of the ring 
structures of the reducing sugars. This has be«i given by the studies 
initiated by Hudson and Isbell **• (1932), and elaborated by Isbell, on 
the rapid oxidation of aldoses to aldonic acids by hypobromite. The 
results showed that there was an immediate formation of tiie 54actone, 

Isbell and Hudson, Bvr. Standardt /. AesesreA, 8, 337 (1932). 
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Slid good proof was {pvea the free aldooio add was not an mtea> 
mediate. This proo»iure was also applicable to the available a- and 
/3-fonns of the aldoses, and dgnifieant (Merences in the rates of orida tinTi 
of the (»- and |3-isomers were noted. The data indicate that the ordinary 
crystalline forms of the aldose sugars possess pyranose structures and 
that the pyranose forms are the main components of the equilibrium 
system, although small amounts of other structures are not excluded. 


I 

HCOH 

I 

(CHOH), 

I 

CEO 

I 

CH,OH 


C=0 

I 

(CHOH), 

I 

CHO 

I 

CHjOH 


A very interesting result obtained by Isbell (1933) was that a cal- 
dum chloride compound of mannose, isolated by Dale (1929), which 
showed a peculiar and very rapid initial rotatory change in solution, pro- 
duced a 7 -lactone on hypobromite oxidation. Apparently this calcium 
chloride compoimd of mannose then possesses a furanose ring structure, 
and from this it may be concluded that mannofuranose was present in 
the aqueous solution from which the calciiun chloride compoimd sepa- 
rated. All the above work on hypobromite oxidation rests on the 
premise that the unstable sugar lactones possess a structure and is 
uncertain to the extent that this premise is uncertain. 

Deteiminatioii oi Ring Structure by Means of the Glycol-Splitting 
Reagents. The remarkable discovery of Malaprade (1928) that a-gly- 
cols undergo quantitative fission at room temperature with periodic acid 
or its salts opened new vistas in the general field of the degradative oxi- 
dation of organic compounds. The original interest of Malaprade was 
analytical in nature, and he cited his discovery as a method of analysis 
for the pmodate ion in the presence of the iodate ion . In application to a 
polyhydric alcohol, M^prade showed that the reaction took the fol- 
lowmg course: 

CH,OH-(CHOH)»-CH<OH -1- (n IIHIO,-^ 

: (n + l)mO, -t- H,0 + 2HCH0 -1- nHC(X)H 

H&rissey, l^ury, and Joly ** (1934) correcUy interpreted the analyti- 

» Mxn, /. Am. Chtm. See., H, 2168 (1033;. 
u* £>aie, m.. it. 2788 (1020). 

MiO&nide, BiM. toe. cMm., »} 48, 6S3 (1928) : ibid., [S] 1, 833 (1934). 
yfmqr. end JtAy. J. lOurm. Mm.. IS] M, 149 (1934). 
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cal data obtained when periodic acid ”eacted with an aldofaexopyrano- 
ride. 

H 

I 

CH,OH-CH— (CHOH)r-COMe +■ 2 HI 04 -* 

<1 i 

CHO H 

2HIO» + HjO + CH 0 COMe + HCOOH 

I I 

CHjOH CHO 


The isolation and characterization of the reaction product were 
effected by Jackson and Hudson (1936) for the case of jS-methyl-d- 
glucopyranoside as follows: 


CHO H 

<!:H 0 <!x)Me 

in, OH ino 


CH:0 H 


Ba 


t=0 
\o— C=0 


i 


HjO+lO) 


CO^ 

Ar-- + 


:0,H 


IH,OH 


CO,H 

:(!x)H 

Ah, OH 


The intermediate barium salt of the substance termed D -methoxy-D- 
hydroxymethyl-diglycolic acid was isolated in crystalline form, and the 
d(levo)-glyceric acid was isolated as its crystalline calcium salt. Defini- 
tive differences can be predicted for a furanoside ring and such predic- 
tions were verified by Jackson and Hudson for crystalline a-methyl- 
d-arabinofuranoside. In this case the optically active dibaric acid ob- 
tained is identical with that from an aldo-d-hexopyranoside and formic 
acid is not produced. 

Another a-glycol-splitting reagent is lead tetraacetate, discovered by 
Criegee ^ (1930), The action of this reagent on polyhydric alcohols 
and glycosides is identical with that of periodic acid and with certain 
restrictions is applicable in aqueous solution.'* For preparative work 
the lead tetraacetate procedure has certain advantages. These new 
methods for the determination of ring structure offer great Amplifications 
over the laborious methylation techniques previously used. 

Jaokaon and Hudson, J. Am, Chen. Soe., 68, 378 (1936) ; ibid., 69, 994 (1937). 

CriSBss. Ann.. 481. 27S (1930) ; Ber., 64. 260 (1931) ; Anaea. Chen., 60. 163 (1937). 

Criegee, Ann., 496, 211 (1932) ; Karrer and Hirohata, Heto. C^im. Aeta, 16, 969 
(1033) ; Modesahaa and Hookett, J. Am. Ckem. Soc., 60, 2061 (1038). 

'* Baer, Qro^Mi&ts, and H. O. L. FiachwA. Am. Chen. Soe., 61, 2607 (1039). 
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€oiifigiimtiwi(rf1iieRedudngCaii)onAt(mu It has been noted pre- 
vknisiy that to obtain a complete solutim for the etracture of a cyclic 
sugar or its derivative it is necessary to determine the relative confi^a- 
ti<ai of rile reducii^ carbon (for an aldose, carbon one) in addition to 
determining the point of ring closure. The method of a-,|S-designation 
initiated by Hudson (p. 1550} is empirical and bears no necessary relar 
ticHi to riue relative conjuration. 

Bdeseken (1913) made an attempt to solve this question of the 
space porition of the groups attached to carbon one of d-glucose. This 
was based upon his observations regarding the effect of the constitution 
of hydroxy compounds on the electrical conductivity of boric acid solu- 
rions— namely, that a da conjSguration in a cyclic glycol produced a 
complex with boric acid which was a stronger acid than that produced by 
the trans isomer. The conductivity of a-d-glucose in the presence of 
boric acid decreases during mutarotation as it is converted in part into 
/S-d-glucose; the reverse is true of )3-d-glucose. The velocity of this 
change parallels that of the mutarotation. On this basis, a-d-glucose 
may be assigned the formula; 

I 

HCOH 

I 

HCOH 

I 

HOCH 

I 

HCOH 

I 

HCO 

AhjOH 

If the above establishment of structure on the basis of ph3^cal meas- 
urements be accepted, the configuration of carbon one of d-glucose is 
correlated to the Rosanoff classification. Then, if the Armstrong cor- 
relation of a-cjlucose with a-methyl-d-glucopyranoside (p. 1649) be 
accqited, the methoiQd can be written to the right in the projection for- 
mula of the latter substance. 

I 

HC-OMe 

I 

HCOH 

The procedure^ Jackson and Hudson,'" previously discussed 
(p. 16d8) as i iaei^0i<a ascertaining the point of ring closure, at the 
wime tithe oAhittlt-inethod for the oorrriaticHi of the oonfiguratiou of 
2012 (ISIS). 
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carbon one, When a methyl aldopentopyianoaide is subjected to peri- 
odic add oxidation followed by hypobromite oxidation, the dibadc add 
(isolated as the crystaUine strontium salt) produced has the following 
structure: 

OCHi 

I 

H — C — 0 — GSs — COxS 

I 

COxH 

The only assonmetric center left in the above substance is that of carbon 
one. With a methyl aldo-d-hexopyranoside, the product contains two 
asymmetric centers: one, as above; and the other, the asymmetric 
carbon that was originally carbon five and is thus of identical configura- 
tion (-f ) for all members of the d-seri^ of aldohexop}n-anosides. 

OCHa CHjOH 

I I 

H-C 0 C H 

I I 

COiH COtH 

It is obvious that a direct configurational correlation, based upon the 
order of the groups about carbon one, may thus be made. The results of 
these important researches are tabulated in Table III. So far, the 

TABLE III 


Optical Pboperties of the Final Oxidation Pbodtjct Obtained 
FROM Methyl Glycosides of Aldopentobeb and Au>ohexobbb 
According to Jackson and Hudson “* 


Glycoside 

[alS (water) 

Glycosido 

Dibasic Add 

ct-Methyl-d-arabinopyranofflde 

-17° 

-12.7° 

«-Methyl-<i-xylopyrano8ide 

+154 

-12.1 

a-Methyl-d-lyxopyranoside 

+69 

-11.5 

p-Methyl-d-arabinopyranoside 

-246 

1 +12.5 

p-Methylrd-xylopyn&odde 

-65 

+12.2 

o-Methyl-d-gluoopyruioade 

+169 


o-Methyl-d-galsctopyraaosids 

+196 

+25.4 

o-Methyl-d-mannopyranoside 

+79 

+26.3 

a-Methyl-d-gulopyranoside 

+120 

+25.4 

P-Methyl-d-gluoopyrsnoade 

-34 

+«.o 

iS-Methj4Ki-nuini]opyT»Boride “• ' 

-69 ' 

+45.4 

a-Methyl-d-galactopyranoaide 

+1 

+45.0 


MoCawshui and HookeU, Am. Chtm. Aoc.. 60, SCSI (1938). 
JaclcBou and Hudson, 4hid., 61, 069 (1080). 
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have been coomstmt with the Hudson (»-,j9^mpmoal rule. 
lElMt data of Table HI show that, in the pentose series, the a(origmal 
Huthion aseagnment) -forms of the glycorides give the same dibaric add as 
the final oridation product and the jS-forms give the enantiomorph. In 
the hexose series, the dibadc adds produced are diastereoisomeric but 
the same oxidation product is obtained from all the o-glycosides and a 
second oxidation product (dibasic acid) is produced from all the /3- 
glyooddes. 

Naturally Occurring Glycosides and Their Synthesis. A wide vari- 
ety of glycoddes of alcohols and phenols are found in the plant world. 
On hydrolyds by adds or by en 23 Tnes, the glycosides produce one or 
more sugars, cluefly d-glucose, and the non-sugar portion, which is termed 
the aglucon. These aglucons are of a very diversified nature (pp. 1319 
and 1427). It is remarkable that the naturally occurring glycosides are 
for the moat part levorotatory and are hydrolyzable by emulsin. They 
accordingly belong to the ^glycosides. The a-glycosides are hydrolyzed 
in the Tnain only by maltase. Helferich and his students have made very 
extensive studies of the hydrolysis of glycosides by the jS-glucosidase of 
emulsin, and Bourquelot and co-workers^" (1912) have synthesized 
/S^lycosides by the reversal of the emulsin hydrolytic reaction. 

The fimction of glycosides in the plant is rather obscure, but the 
physiological actions of many are well established, and it is to the pres- 
ence of such ^ycosides that many herbs and roots owe their medicinal 
value. A few of the large niunber of naturally occurring glycosides are 
tabulated in Table IV. 

Salicin is a classical example of a simple glycoside. It occurs in 
willow bark and has the following constitution ; 



OH H ' OH 0 

■C C C C CHjOH 

H OH H H 


Irvine and Rose (1906) methylated this substance to form a crys- 
talline pentamethylsalicin which produced tetramethylglucopyranose on 
hydrolysis. iWene and Tipson (1931) have found from methylation 
studies that sokne of the glycosides (nucleosides) produced by the partial 
hydidyais 'of itucleic acids are furanoEades. 

The strmriitres <rf a number of the naturally occurring glycosides have 
been verified by syntbj^c methods. The previously described method 

^^Bourqudotaad Cmtpl. Tend., tfS, 80 (1912). 
indue an! Row, tf. CAem. Soc., M, 814 (1908). 

U* liOveBe MX} TqMoa, BewMe, 74, 521 (1931) ; J. Biol. Chan., 94, 809 (1932). 
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TABLE IV 


BEFBBBENTATITIi GlTCOGCDXB OF NATURAL OCCUBBBNCE 


Glycoside 

1 

i 

Sugar 1 

Aglueon 

Populin 

Benzoylglucose 

o-Hydroxybeti*yl alcohol 

Coniferin 

Glucose 1 

Coniferyl alcohol 

Aesculin 

Glucose 

6,7-DihydroxyooumMm 

Idaein 

Galactose 

Cyanidin (p. 1318) 

Scopolia 

Glucose (2 moles) i 

6-MethyIae8culetm 

Peonin 

Glucose (2 moles) 

Cyanidin 

Vioknin 

RhamiLose + glucose 

Delphinidin (p. 1319) 

Digitoxin 

Digitoxose (3 moles) 

Digitoxigenin (p. 1443) 

Cymarin 

Cymarose 

Strophanthidin (p. 1435) 

Frunasin 

Glucose 

Mandelonitrile 

Lotusin 

Oentiobiose 

Lotofiarin 

Hesperidio 

Glucose d- rfaamnose 

Hesperitiii 

Salicin 

Glucose 

o-Hydroxybenayl alcohol 


of Fischer produced the isomeric glycosides directly from the sugar and 
alcohol. The other and more selective method is that employing the 
acetohalogen sugars as condensing agents. 

The first acetohalogen sugar, acetochloroglucose, was prepared by 
Colley **• (1870) by the reaction between glucose and five moles of acetyl 
chloride. It is now known that this substance has the structure 

H 

1 

CHzOAc— CH— (CHOA c) 3 — C— Cl. A. Michael (1879) reacted this 

I 0 ' 

compoimd with potassium phenolate and obtained crystalline ^-phenyl- 
glucoside. In an analogous manner, Michael (1881) performed the 
first artificial synthesis of a naturally occurring glycoside and obtained 

methyl arbutin, CHgO — ^ ^ — OCoHuOfi. A more reactive and 

useful compound than acetochloroglucose was obtained vdien Koenigs 
and Knorr (1901) prepared crystalline acetobromogluoose by tlie ac- 
tion of acetyl bromide upon glucose. These workers showed that this 
compound reacted readily with methanol in the presence of rilver car- 
bonate to form /S-methylglucaside tetraacetate. Koenigs and Knorr 

CoUey, Ann. ekxm. vhyt., [4] 11, 363 (1870). 

“♦Miohwa, Am, Chmn. 1. 306 (1879). 

»* Michael, Btr., 14, 3097 (1881). 

*** Eoemgi and Enotr, Btr., 84, 978 (1901). 
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^Shao showed ihat the crystalline aoetonitroglucoee, obtained by Colley ^ 
(1873), reacted in a similar mannar with methanol in the presence of 
barium carbonate to form the tetraacetate of i9*methylgluooBide. Aoeto- 
nitroglucose has the structure GHjOAcCH — (CH0Ac)3 — CHONO 2 . 

I o 1 

Deacetylaticm of the above gluooride tetraacetate produced the previ- 
oudy known ^meth}dgIucoside. As this substance was later shown to be 
a pyranoside, it may be concluded that the glucosides synthesized from 
Boetobromoiducose possess the pjranose ring structure and the ^ 
oonfiguratbn, although some exceptions to the latter are known. 


H OH H Br MeO H MeO H 


\ / 

\ / 

\ / 

\ / 

? — ' 

c 

C 

C 

HCDOH 

1 

HCJOAo 

1 

1 

HCOAc 

1 

HCOH 

1 

HOCH 

Ar3r 1 

h ArOPW 

M»OH . ^1 

a. Txr\nTX 


■ > /VCwL,*!! 

AftCO, 1 

' > XXlyVp/A 

j 

HCOH 

j 

HCX)Ac 

H()OAc 

j 

HC)OH 

1 

HCO— 

j 

HCO — 

j 

HCO 

j 

HCO— 


CHiOH CHjOAc CHK)Ac CHrf)H 

E. Fischer ** (1911) improved the method for preparing the aceto- 
balogen sugars by employing the reaction between the hexose penta- 
acetate (either a- or 0-) and a glacial acetic acid solution of the halogen 
acid. In this manner, acetohalogen sugars containing chlorine, bromine, 
or iodine were obtained, and in 1923 Brauns prepared acetofluoroglu- 
cose. Brauns has extended these reactions to many of the reducing 
sugars and has measured the optical rotations of the aeetohalogen sugars 
with hi^ predsion. He has deduced a relationship between these rotar 
tion values and the atomic diiaensions of the halogens.*'^ 

The halogen of the^ acetohalogen sugars may be replaced by hy- 
droxyl on controlled hydrolysis to form the mutarotatory hexose tetrar 
acetate “* (Fischer and DdhrQck, 1909). Ethylation by the Purdie 
reactimi of sudi a tetraacetate, obtained (Hudson and Johnson, 1916) 
from the third form of galactose pentaacetate, produced on deacetylation 

^ lOeOeV', CmM- IS, 498 (1873). 

and Wdftom, -J, Biol. CKem., T8, 326 (1028). 

“•ylscber, Ber., U, 1^ (1011). 

■w Bnuns, J. Am. Chm. Soe., 4S, 8^ (1923). 

^ Bnana, J9«r. ^Ondtmh /. JZe««arcA, 7, 673 (1931) ; fummuirinc paper. 

W SUdMr and TToUneek. Bor., 4B, 3770 (1909). 

u> Budaoft Slid StSaaoa, J. Am. Chem, Soo., ^ 130 (1918). 
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a new (aystalline ethylgalaotoside of a non-pyranoee structure (Schlu- 
Imch and Meisenheimer, 1934). 

ZempMn *** (1929) has solved the problem of obtmning the isommc 
o-^ycosidra through the Koenig and Knorr reaction by the substitu- 
tion of mercuric acetate for the silver salt. Pacsu (1928) was able to 
convert |8-methylglucoside tetraacetate quantitatively into the a-form 
by heating with titanium tetrachloride in chloroform solution. Helf erich 
and co-workers (1933) have made the phenolic a-glycosides available 
by the procedure of fusing the sugar acetate with the phenol and 
chloride. 

Acyclic Sugar Structures. It has been seen how the original alde- 
hyde formula for d-gjucose gave way to the lactol or cyclic hemlacetal 
structure required to explain further isomerism. It became a matter of 
considerable interest, then, when in 1926 Levene and Meyer obtained 
a pentamethylglucose which contained no ring in its structure. This was 
S 3 mthesized from glucose ethyl mercaptal. Although Fischer was unable 
to prepare an acetal of glucose, he succeeded in preparing a thioacetal or 
mercaptal by reacting glucose with ethyl mercaptan in concentrated 
hydrochloric acid solution '** (1894). Levene and Meyer metiiylated this 
crystalline substance and removed the thioacetal groups with mercuric 
chloride and water, obtaining the product as a syrup. This reaction was 
extended to galactose and mannose (1927). 

In 1929 Wolfrom obtained a crystalline open chtun or aldehydo- 
pentaacetate of d-glucose similar in structure to the above. The method 
used was a hydrolysis of the acetylated glucose ethyl mercaptal in dilute 
acetone solution by reaction with mercuric chloride in the presence of 


CHO 

I 

(CHOAo)» + 2ClH^t + CdCli + CO, 

I 

CH,OAc 

The substance readily formed a semicarbasone without loss of an 
acetate group and gave a Schiff aldehyde test. The reaction was later ex- 

Sohlubach and Meisenbaiiner, Ber,, 97. 429 (1934). 

'•» Zemidin, Ber., 9S, 990 (1929) ; Zempito and (jereca, Ber., 63, 27^ (1930). 

Ber., 61, 187, 1613 (1928). 

Hellericb and Schmita-HUlebrocbt, Ber., 66, 378 (1933). 

*** Levene and Meyer, J. Biol. Chan,, 69, 176 (1928). 

Fischer, Ber., 97, 673 (1894). 

Levene and Meyer, J, BioL Chmn,, 74* 695 (1927). 

WoUrom, J. Am. Chm. Soc., 61, 2183 (1929). 


cadmium carbonate. 


/SEt 

Hc<r 

I CdCOi 

(CHOAc)e 

CHjOAc 
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teiiifed to several other sugar etructures. aM^j/(ib>Glucose p^taacetate 
has been prepared by the catalytic reduction of gluconyl chloride pmta- 
aoetate (1936), obtained from gluconic acid pentaacetate. A few of 
the fully aoetylated and non-Iactonised sugar acids are obtainable by 
direct acetylation methods.*” Hurd and Sowden *” (1938) devised a 
general procedure for their 83 mthe^ by the deamination of the acety- 
lated aldonamides. 

The synthesis of aldehydo-gjal&ctose pentaacetate *” (1930) added a 
fifth crystalline pentaacetate to the four then known. This latter sub- 
stance also formed crystalline carbonyl addition compoimds with alcohols 
and water which by their distinctive rotations were shown to be true val- 
ence compounds. In 1930 Brigl and Miihlschlegel*” obtained an aldehydo- 
pentabenzoate of glucose which crystallized as an alcohol addition com- 
pound, apparently an ethyl hemiacetal or carbonyl addition compound. 
This would indicate that the nature of the substituent groups apparently 
influences the stability of the carbonyl group, as such addition com- 
pormds did not form with the acetate, although the mutarotation 
exhibited by the acetate in alcohol showed the formation of such struc- 
tures in solution. The mutarotation exhibited by an aldehydo-&cett&te in 
alcohol can be explained by carbon one becoming asymmetric through 
hemiacetal formation. Such a pair of isomers has been isolated for the 
etiiyl hemiacetals of methyl aldehydo-d-gal&ct\irona,te (p. 1590) tetra- 
acetate by Dimler and Link *” (1940), who designated the isomers by the 
prefixes a and fi. To prevent confusion with the usual a,-d-cyclic sugar 
nomenclature, the prefix aldehydo is included in the name. 

OH OCH* 

1 I 

HCXXIH, ^ HC—0 -I- MeOH ^ HCOH 

I 1 1 

(CHOAc)* (CHOAc)* (CHOAc)* 

I I . I 

CHiOAc CHjOAjc CHjOAc 

1 n r 

A tyjHcal sugar mutarotation curve is obtained when an aldehydo- 
soetate (II) is dissolved in methanol, and a similar type was found by 
Wolfrom and Morgan*” (1932) for aldeAydo-galaotose pentaacetate 

*» Cook and ICaJor, ibid., 88, 2410 (1936). 

Major and Cook, ibid., 88, 2574 (1936) ; Robbiiu and Upson, ibid., 88, 1074 (1940). 

Brad and Sowden, ibid., 68, 236 (1938). 

”• Dblftom, Und., U, 2484 (1930). 

and B4t., 88, 1551 (1930). 

m ijimler and 1J«% , /. Am. Chem. Soe., 81, 1210 (1940). 

m W<d&om and Motsan. 45M.. 84, 3390 (1932). 
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methyl hemiacetal (I) in methanol solution. The three-membered na- 
ture of the alcleAydo-acetate and methanol equilibrium can be demon- 
strated by the complex nature of the mutarotation curve obtained whm 
I is dissolved in pure chloroform. The free carbonyl form (II) of an 
oldeAydo-acetate shows no mutarotation in pure chloroform. Galactose 
pentaacetate aldehydrol exhibits no mutarotation in water, carbon one 
not being asymmetric; but in chloroform solution the water dissociates 
from the carbonyl and a monomolecular decomposition curve results. 

/OH 

HC< HC=0 

|N)h I 

(CHOAc)i (CHOAc )4 -f HsO 

1 1 

CHjOAe CHjOAc 



Time 

Fig. 3. — Mutarotation characteristics of oWeftydc-sugar acetates. , alddiydo-dr 

galactose methyl hemiacetal in chloroform (alcohol-free), time in hours; 

aidehydo-d-^iaetoae methyl hemiacetal in methanol, time in hours; — , 

aUkkpdo-d-esl&otoae aldehydrol in chloroform (alcohol-free), time in minutes. 

Micheel (1935) and Wolfrom (1935) prepared fully acetylated 
aldose sugars in which the carbonyl group was in the diacetate form. 
Rrie *** (1936) obtained these structures by the acetylation of sugar 
mercaptals with acetic anhydride and sulfuric acid and isolated d,U 
galactose heptaacetate from agar by the use of these reagents. An 
acyclic acetohalogen galactose has been reported, and the similar 
structure in the arabinose series has been found by Felton and W. 

Mioheel, Ruhkopf, and SuckfhU, B«r., 68, 1523 (1S35). 

“• WoUrom. /. Am. Chem. Soe.. 57, 2498 (1936). 

Pitia, BioOimn. J., SO. 374 (1936). 

^ WoUrom, J. Am. Chen. Soe., 67, 2498 (1936). 
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HMwIeabraiK ^ (1935) as a by<-p»>daot in the prqyarstioQ of the oyeUc 
form of acetobrcnnoanJunose. l,l-Z)iofaloro-ab{ehy{j(HSalactoae penta- 
aeetate has beoi isolated ^ (19M). 


yOAo 

HC< 

I X)Ao 
(CHOAe)4 

^HfOAo 


yOAo 
HCkf 
I ^Br 

(CHOAo)4 

^HgOAo 


Hudson and co-workers “• (1937) subjected the methylarabinopyran- 
osules (I) to acetolysis, and with this sugar structure they obtained the 
acyobc derivative II in two forms. These forms differ only by the 
asynmifitry of carbon one and are interconvertible by acetic anhydride 
and ^c chloride. 


H OMe 
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OMe 
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H-€— OAc 

OMe 
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HOCH 
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H-(^l 
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HCOH 
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-» (CHOAc)* -♦ 
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(CHOAc), 

1 

CHjOAc 

1 

(:h,oac 
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CH,0^ 
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111 

I 

OMe 

OMe 


1 

H— O-OMe 

1 

H-CJ— OMe 


1 ^ 

1 


(CHOH), 

(CHOAc), 

1 


1 

CJHiOH 

1 

CHjOAc 


V 

rv 


Rei^acement of the 1-acetate in II by chlorine led to III, also isolated 
in two forms, 'triiich in turn led to the synthesis of the crystalline dimethyl 
acetal of d-arabinose (V). Sugar derivatives of types II and III also 
have been obtwed by direct operations on the aldehydo-eugajc acetates, 


andinsoipe 
AgaiSri 
lati<m of 
subaeqi 



Isomeric forms of type II have been isolated.^* 
is for the sugar acetals is that involving demercapta- 
itylated thioaoetals in the presence of an alcohol, with 
inification of the acetate groups. Hus was first applied 


^ mid W. Freudeiibeic. Md., Vt, 1837 (1033). 

- - soa W«i*W»t, ibid., «. 1140 (1040). 

, Hum. uid Hudaon, ibid., W, 1124 (1837). 

Iromitmd KmUgriMirg. ibid., Sft, 283 (1088) ; Wt^rcmi, Eonissbeis, and Moody 
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to galactoee ^ (1838) aod successfully extended to ^uooee “* (WolfrOTu 
sad Waisbrot, 1938) and to fructose “* (Pacsu, 1039), whose ^oacetal 
was available by an indirect method (1934). A mixed oxygen-sulfur 
aoetal of f^ocose has been reported.'*^ 

A striking result was obtained by Pacsu and Rich ^ (1932), whmi 
they demonstrated that an open-chain or ^cto-structure was presort 
in a pentaacetate of fructose prepared long before by Hudson and 
Brauns (1915) by direct acetylation methods. A similar finding was 
made by Montgomery and Hudson “* (1934), when they discovered an 
aldehydo-Btraetme in a hexaacetate of d-[a-mannoheptose] obtained by 
acetylation of the free sugar. Ario-Fructose pentaacetate exhibits the 
properties of a hindered ketone, the carbonyl group being very unreactive. 

Solutions of the lactol forms of the reducing sugars show the presence 
of their potential carbonyl group by forming typical amino condensation 
products, such as phenylhydrazones, oximes, and semicarbasones. For 
these, however, two types of structure are theoretically possible. 

HO=NOH 

I 

(CH0H)4 

I 

CH,OH 

CH,OH 

When a sugar amino condensation product is acetylated, the acetate 
obtained may be of either type, and frequently a mixture of both is 
produced. Glucose phenylhydrazone exists in two forms, one of which 
was shown by Behrend and Reinsberg (1910) to produce on acetyla- 
tion a pentaacetate of the ring-structure type. 

H\^/NHN(Ac)C5H6 

I 

(CHOAc), 

I 

CHO 

1 

CHjOAc 

iw Wblfrom, Tanghe, George, and Waisbrot, ibid., 60, 132 (1938) ; Campbell and Unk, 
J. Biol. Chem., US, 635 (1938). 

“• Wolfnan and Waisbrot, J. A*n. Chtm. See., 60, 864 (1038). 

»»• Pacsu, Und., 61, 1671 (1939). 

Woifrom and llwmpsoo, Md., 86, 880 (1S34). 

Woifrom, WeisHat, and Hanse, ibid., 6S, 3346 (1940). 

"• Pacsu and Rich, ibid., 64, 1697 (1932), 

ui Hudson a»d BtsM&s, ^»d., tT, 1283 <1915). 

*** Montgomery and Hudson, ibid., 66, 2468 <lto4}. 

*•* Bduend and Beinrirsrg, Xan., iT7, 189 (1910). 




O&CULNIC CHEMISTRY 




Bebtead istdated o-aoet^lph^lhydrazme (xdl hydrolyi^ of this acetate. 
He thus allocated ooe of the five acetate groups in the acetylated hydra* 
«Bie to the oitrogen and fumkhed excellent proof for a ring structure. 
Had the structure been acyclic, a hexaacetate would have been indi- 
cated. This principle of establishing ring structures by detecting the 
presence of an N>aeetyl group can be effected readily by analytical 
methods (hat distinguish between N-acetyl and 0-acetyl. The same 
result can be obtained by comparing the acetylated nitrogen compound 
with that obtained directly by reaction of the oldehj/do-acetate with the 
amino reagent. 

HO-NNHCdHj HC^NNHCsHs 0»=CH 

I A «0 i C,H,NHNH, | 

(CH0H)4 -r-^ (CHOAc )4 < (CHOAc)* 

I Pyiimxke j | 

CHjOH CHjOAc CHjOAc 


By these methods the structures of a number of acetylated sugar 
amino condensation products have been demonstrated.^”’ Thus, glu- 
cose (and galactose) phenylosazone tetraacetate is acyclic; galactose 
phenylhydrazone pentaacetate is acyclic; and both the acyclic (aldehydo) 
and ring types of acetylated oximes and semicaxbazones have been found. 
When the acetylated oxime or semicarbazone is acyclic, the cMekydo- 
form of the sugar acetate may be obtained by treatment with nitrous 
add (Wolfrom and Georges, 1934). 


HO=NNHCONHi 

I 

(CHOAc )4 

^HjOAc 

HC=NOAc 

I 

(CHOAc )4 

I 

CHjiOAc 


HO=0 
HNO. I 


^ (CHOAc )4 



It is apparent from the preceding exposition that the acyclic structure 
of the sugars is well established in crystalline derivatives, many of which 
have been obtained directly from solutions of the sugars and thus offer 
evidence tha| these acyclic structures were present in such solutions. It 

WaUiO|pk’SonigBbeis> Soltiberg, J. Am. Chtm. Soe., SB, 400 (1036). 

Thompeon, ibid., 68, 622 (1031); Wolfrom and Christman, i&td., 
S8, 3413 ; Wolfrom, Osorgee, and Soltzberg, Und., 86, 1704 (1034) ; 68, 17S1, 1783 

(1036). 

ri* D^pdofau, Wolfrom, Cattuwo, Chrisrinan, and Georges, {hid., 66, 34% (1933) . 
Detdofei^ Caiteneo, and Mendivsleua, J. Chem. Soe., 147 (1034) ; Restelli de Lafariola and 
GeidoffU,^ if. Am. Chm.. Soe., 63, 1611 (1940). 

*•* Wldfrom and Oeoiges, J. Am. Chan. Sac., 86, 1794 (1934). 
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baa also been noted that the mutarotation of the sugars is perhaps best 
explained by the assumption of an intermediate acyclic form (p. 1649). 
Marchlewski (1933) has shown that a carbonyl absorption band 
appears immediately on the addition of alkali to glucose and other reduc- 
ing sugars and disappears on neutralization of the alkali. It is also well 
known that a slight alkalinity is essential for the cyanohydrin reaction, 
in which the acyclic form of the sugar is the logical intermediate. Sup- 
porting evidence for such an intermediate is furnished by measurements 
of the initial hydrogen cyanide binding capacity of sugars (Lip- 
pich, 1932; Brigl, 1931), and certain polarographic measurements have 
been interpreted to indicate the presence of small amounts of the alde- 
hydo-iorm in aqueous solutions of glucose and other sugars (1940). 

Other Bing Structures. It is of great interest to note that Brigl and 
co-workers (1931) obtained a tetrabenzoate of glucose with the second 
position open. This substance showed no tendency to form a lactol or 
ethylene oxide ring, but showed all the properties of a true open-chain 
a-hydroxy aldehyde, reacting with diazomethane to form a methyl 
ketone. This eliminates the ethylene oxide ring as a possibility with 
glucose, at least in its benzoate structiu-e. The reactions employed by 
Brigl are diagrammed below. 


HC(SEt)j 

HC(SEt)i 

H0=0 

CH, 
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(CH0H)4 -♦ 
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CHOH 
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(CHOBz)j 

1 

(CHOBz), 

1 

CHOH 
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1 

CHjOBz 

CH*OBz 

(CHOBz), 

1 




CHiOBz 


HC(SEt), 

1 

1 

CHOH 

HC=NNHCait 
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1 

CHOMe 

j 

CHOMe 

0=NNHC,Hb 


1 ■-* 
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1 


(CHOBz), 

1 

CHOH 

(CHOH), 
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1 

CHjOBz 
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CHOH 

CH,OH 



1 

CHO 




I 

CHiOH 


OabiycAidci ftnd Murchlewski, Siochetn, S61, 393 (1933) 


^ Lipjdch, HM., m, 280 <1032). 

X" Brisl. MOhlscUegel, and gohinle, Ber., M, 2921 (1931). 
Cantor ud Paniaton, J. Am. Chen. Soc., tt, 2113 (IMO) 
MtkUscWegeJ. and Sohinle. Ser., 64, 2921 (1931). 
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Bairorl^ and tsfhxrotksn **’* {19^} implied the Weerman degradatum 
1S41) to the ci^nstallioe 2i3,5;6-teti«methylglQcoaiaimde obtained 
from the inystaUine tebamethyl^-^aooncjaotone. A ciystaUine cyclic 
urothane vas produoed whi<di 3dekied 2,4,5-triiaethyl-d-sutibinom aa a 
distilled eyrup cm treatment with cold, dilute alkali. This substance gave 
a Sdliff aldehyde test, and the authors were inclined to r^ard the com- 
pound as an aldeftydcHstructiire rather than as a derivative of the propyl- 


ene cmde ring. 
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HCOH 

HCOH 
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1 . 

HCOMe 

1 

CHfOMe 

1 

HCOMe 

j 

HCO 
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HCOMe 
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Micheel and co-workers (1933) obtained a galactose tetraacetate 
with the sixth position open, and this on further acetylation yielded two 
new p^taacetates of galactose. The pentaacetate was transformed to 
a new methylgalactoside (/3-methyl-d-galactoheptanoside) through the 
acetochloro compound, and this was proved to have a (1,6-) ring by 
methylaticm and oxidation. The methylheptanoside had the same low 


TABLE V 

Ibousbic Psntaacktatbb or (LGalactobb! 


Pentaaoetate of: 

M.P. 

I«)d 

Chloroform 

2A 

a-<t-Galacto{^TaiMMe 

06' 

-1-1(17' 

-t-23 

+61 

-42 

+32,700 

0-<tOaIactopytaDoae 

142 

o-d-Galaotofazanoee (7) 

87 

+40,200 

d-ttOalactofunukose (?) 

98 

eH{-Qal8ot<dKi3tano8e... 

128 

-11 

+35,900 

d^Ml^acMb^itanose 

112 

-103 

oldisftydiH^ChUactcMe. 

121 

-25 





^Stewortb, P«at, •nd Whetstone, J. Chem. Soe,, 1975 (t088). 

IHeheel and SuekfaH. Ana., Mi, 8S (19S3) ; M7, 138 (1933) ; Bar., M, 1967 (1933) 
IfilMMid %a«k. fier„ «7, M66 (1M4). 
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stabHiiSr toward add hydrolyds as the methylfuraiu^des. Purves and 
Hudson (1937) have demonstrated tiiat fructopyranosides hkewise are 
hydrolyzed by acids with about the same ^>eed as fructofuranosides. 
The reactions employed by Micheel are (bagrunmed below. 

HC(SEt)t HC(SEt)i HC(SEt)t HC-O 

11 I I 

HCOH HCOH HCOAc HCX)Ac 

I ) I I 
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The pr^ent rather considerable knowledge of the trioses glyceralde- 
hyde and dihydroxyacetone and of the one diose, g^ycolaldehyde, is due 
in large part to the careful work of H. O. L. Fischer and co-workera in 
this very difficult field. The crystalline forms of glyoolaldehyde and d 
^yceraldehyde are dimeric, but molecular-weight determinations ediow 

•" Purres and Hudson, J. Am. Chtm. Sac., M, 1170 (1037). 
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Hiey pass spoQtaneously into tlie monomer in squeotts solution, 
dmvatives*’* of these aldoses are likewise dimeric. It is probahle 
toat the dimeric stxuctures are produced by the carbonyl of one molecule 
forming a laotol with the hydroxyl hydrogen of a second molecule to 
produce a six-membered ring of the dioxane type.’*’* The depolymetiza- 
tion of dimmio dihydroxyacetone has been studied kinetically by a 
dilatometric method *“ (1937). The reaction is catalyzed by adds and 
bases, and its general behavior is similar to the mutarotation of glucose. 


HOCH CH 
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CHjOH 
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O ^2 CHOH 

I i I 

CH— HCOH CHrf)H 
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Bnolic Structure. One other phase of the glucose structure requires 
attention, and that is the enolic form. As the general chemistry of the 
carbonyl group has developed, it has become evident that one of its main 
reactions is that of enolization. 


R— CHr-CHO ^ R— CH=CHOH 

The extent of such spontaneous enolization varies considerably with 
the nature of the carbonyl compound but is greatly enhanced by alka- 
linity. Ihere is also good evidence that the enolic form is the interme- 
diate in various reactions, the aldehyde or ketone shifting over to this 
form as the enol is consumed in the reaction. It would be strange indeed 
if the aldehyde glucose were an exception to these well-established prin- 
dples. The distinctive peculiarity of the sugar enolic form is that this 
is not the usual enol, but an enediol, — C(OH)==C(OH) — . The indirect 
evidence for the existaiee of the miolic sugar structure is impressive and 
is to be found especially in the complicated reactions that take place when 

^ Hadtor, Twbe, and Ba«r, £er., 60, 470 (1027) ; Fijoher and Taube, Ber., 60, 1704 
C(«27) ; fbdMT and Baer, Ber., 00, 1740 (ItoO). 

'** WiH and Ncnbe^ Ber^ tt, 3005 (1000) ; Botgmaim and Mlekclogr) Btr., 8S, WSft 
nsdMk- and law, Btr., M, 1744 (l^). 

. «»»iWen>fBw#ain. Jr. Clum. Bee., 1047 (1087), 
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tlie reducing sugars are placed in alkaline media, the detailed eonmderar 
tion of which will be reserved for the succeeding chapter (p. 1640). A 
mystalline derivative of d-glucose-l,2-enediol is the substance obtained 
by West (1927) on condensing ^ucose with ethyl aeetoaoetate. The 
structure of this compound was established by Garcia Gonzdles ^ (1934). 

H H OH HC C — COjCiHi 

III II II 

HOHsC — C — C — C C C — CH, 

I I II \o/ 

OH OH H ^ 


Summary of King Structure and Tautomeric Fonns. All the preced- 
ing evidence shows definitely that glucose is a highly tautomeric sub- 
stance. To be sure, the two known crystalline forms of this sugar un- 
doubtedly have the pyranose structure, but when these are brought into 
solution many changes may occur. Evidence has been obtained for all 
the following glucose structures. The stable or resting stages are the 
pyranose forms, I and III; IV and VI are perhaps favored by acidity 
and II and V by alkalinity. 
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•“ West, J. BiO. CW.. 74, 661 (1927). 

***Qarcla Qon>i&le&, AtiaUa toe. eepofU fU. 815 (1084). 
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oboauk ; csmsmnY 

Bilg^ ttod S(4mle ^ (1933; 1984) liave obtained dii»ot eyidenoe for 
bigfa degree of teukonemm displayed by fructose. The marked 
ebaagee in rotation with temp^ture eriubited by aqueous solutions oi 
fraetose indi<»>ted that this su^ was highly tautomeric. Brigl and 
Sdunle isolated three crystalline benzoates by the direct benzoylation 
of fructose and furnished good evidence that they were, respectively: 
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EBTOSBS 

d-Fruetose is the ketoee most widely distributed in nature and is thus 
the most available of this group of substances. All the known ketoses 
have the carbonyl group on carbon two. H. 0. L. Fischer and Baer 
(1936) foimd that an equimolecular mixture of d-glyceraidehyde and 
(fihydroxyacetone underwent an aldol condensation to produce d-fructose 
and d-Borbose in about equal amounts and in practically quantitative 
yield. They obtained d-glyceraldehyde by the fission of 1, 2,5,6- 
£aoetone-d-mannitol with lead tetraacetate and subsequent acid 
hydrolysis of the isopropyhdene group. 

The Lobry de Bruyn dilute alkali interconversion reaction (p. 1641) 
was uaed successfully by Montgomery and Hudson (1930) in obtaining 
the crystalline.ketose of lactose (lactulose) and by Austin “* (1930) for 
d-g}uooh^tulose. Another ketose synthesis is the biological method 
developed by Bertirsnd. In 1852, tire French scientist Pelouze**' de- 
scribed the isolation of a new ketohexose from the juice of the berries of 
the mountain ash. This was a readily crystallizable sugar which has 

*>• and Sohinki. Ber., «S. 825 (1638) ; «7. 127 (1634). 

***Fi*eber aotul Baer, Bdt. Chm. Ada, 16, 519 (1936). 

M siwlwr Bad Baer. 17, 622 (1684). 

*** B. ftadber mad Baad, Ber., 46, 88 (1916) ; c/. v. Vargha, Ber„ 64, 1364 (1933). 

Maatcomery and Bodaoa, Am. Chtm, Soe., 66, 2101 (1930). 

«*Au<tia, ibid., M, 2n>6 (1930). 

»* Frionaa, Ann. eMm. nAyt.. {31 », 222 (1852). 
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been named ^florbose. For half a century, attempts to repeat the experi- 
ments of Pelouze remained unsuccessful, until Bertiand ^ (1896) found 
that the mountain ash synthesized merely the alcohol sorbitol and that 
this was oxidized to the ketose by a bacterium introduced into the fruit 
by a type of vinegar fly. Bertrand isolated this bacterium, now known 
as the sorbose bacterium (Acetobader xylinum), and with thio in hand 
it was a rather simple problem for him to prepare the ket(^ from 
(dextro)-8orbitol. 

This method for ketose ayntheris, being biolo^cal, is strictly limited 
in application to those alcohols having a cis configuration on carbon 
atoms two and three or four and five. Bertrand (1904) made crys- 
talline dihydroxyacetone available by the action of the bacterium on 
glycerol. He also obtained crystalline Z-glucoheptulose (1928), and a 
crystalline ketoheptose, perseulose (1909), from perseitol, a naturally 
occurring heptitol. The known ketose supurs are tabulated in Table VI. 

GLyCURORIC ACIDS 

The pioneer physiological chemist Schmiedeberg (1879) found that 
when camphor was fed to an animal it was eliminated in the urine as a 
bomylglycoside in which the terminal primary hydroxyl group of glucose 
had been oxidized to the carboxyl group. On hydrolysis, this produced 
crystalline glucuronic acid lactone, 

( 0 1 

CO— CH— CHOH— CH— CHOH— CHOH 


in which the pyranose ring structure is indicated by the methylation ex- 
periments of Pryde and Williams (1933) on bomyl glucuronate. Ac- 
cording to Quick (1927), glucuronic acid can be most conveniently 
prepared from bomyl glucuronate, obtained by administering bomeol to 
dogs. Zervas and Sessler *” (1933) have synthesized glucuronic acid 
from acetonebenzylideneglucose (I). The free terminal primary alcohol 
group of I was oxidized with alkaline permanganate solution to the acid 
II, which on catalytic hydrogenation with palladium produced acetone- 

•" Bertrand, Butt. aoe. Mm., [3] W. 627 (1896). 

Bertrand, Ann. chim. phyt., 18] 8, 230 (1904), 

Bertrand and Nitzbers, Compt. rend., 188, 1172 (1028). 
n* Bertrand, BuU. aoe. chim., [4] B, 620 (1900). 

*** Schmiedeberg and Meyer, Z. phyevA. Cham., 8, 422 (1870). 

Pryde and Williaine, Biodtam. ft, 1197 (1933). 
w* Quick, J. Biol. Chan., T4, 331 (1927). 

Zervas and Sessler, B«r., 88, 1^ (1933). 
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dbtamed by mild add hydrolyds. I<1admr and Filoty ^ (1891) bad also 
flyothedied lY by the reduction of the lactone of {^uccmcchario add. 



The animal organism has the power of combining substances which 
are toxic, or which can be oxidized* only slowly, with glucuronic acid 
and excreting them in the urine. It was once suggested that the sub- 
stances first form a glucodde with glucose, which then, since the aldehyde 
group is protected, is oxidized at the other end of the chain. This view 
can no kmger be upheld since Ptyde and co-workers ^ (1934) have shown 
that phenyl- and bomyl-^-glucosides are not converted by the dog to the 
corresponding glucuronates. The source of glucuronic acid is probably 
mudn. The place of glucuronic add in the general scheme of detoxica- 
tion mechanisms of the body has been studied by Quick ^ (1932). 

(Wllucuronic acid has a very widespread occurrence in the plant and 
animal world; with galacturonic acid, it is a constituent of the plant 
mucilages and gums. d-Glucuronic acid is found in the type specific 
polysaccharide of Type III pneumococcus in combination with glu- 
cose (Heidelberger and Goebel, 1927) ; and a similar substance, d- 
gaiaotopyranose-d^Iucuronate, is a partial hydrolysis product of gum 
aratne. The extended investigations of Levene and co-workers have 
established the presence of glucuronic acid as a constituent of the car- 
bohydrate portion of tile mucoproteins. 

d-Galacturonic add is a component of thie fruit pectins, which have 
been ext^lsively investigated by Ehrlich and his students. Link and 


co-workers * (i^l) have described its preparation in crystalline condi- 


tion from 


dtruB pectin. Anderson ^ has made the interesting 


*** Htdiar Ber., M, S24 (1891). 

Kmaagmmmde, imd WiUiains, Biachem. J., 88, 136 (1934). 
xOQBiok^Pp. Ckm., 9T. 403 (1932). 

» Mid Ooebal. ibid., 74, 613 (1927). 

limnid Seddm, aid., M, 307 (1931) ; Mordl. Bsur, and link, ibid., 108, 18 (1934). 
•njMiim, ibid., IM, 249 (1983). 
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obs^ratioa that both {galactose aad d*ga]acturoaio acid aie hydrolytic 
products of flaxseed mucilage. Both the d- and the Z-fonns <d g^lactu- 
ronic acid have be^ S3mthesized from diaoetone-(l,2; 3,4)*galactose by 
Niemann and Link *“ (1934). 
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Two crystalline forms of d-galacturonic acid are known, and to one 
of them Ehrlich assigns the aldehyde-hydrate formula. Two crystalline 
methylgalacturonides have also been prepared (Morell and Link ,”* 1932; 
Ehrlich and Guttmann,^" 1933), and evidence based upon kinetics of 
hydrolysis is offered for a pyranoside ring in the a-isomer. 

The lactone of d-mannuronic acid has been isolated from certain types 
of seaweed by Nelson and Cretcher (1930). This lactone has also been 
S3rnthesized by the reduction of d-mannosaccharic acid lactone (Memann 
and Link,^ 1933) ; similar synthetic procedures have yielded t-mannuro- 
nolactone and d,f-alluronic acid (Link and co-workers, 1934 **). The 
ready decarboxylation of uronic acids forms the basis of a widely used 
analytical method for their estimation, originally devised by Lef^vre and 
ToUens «« (1907). 

An important result which promises to be useful in the structural de- 
termination of uronic acid complexes was the application to methyl 
galacturonate derivatives of the high-pressure catalytic (copper chro- 
mite) procedure for the reduction of esters to primary alcohols. Thus, 

Niemann and Link, Sni., lOi, 195, 743 (1934). 

Link, Nature, 130 , 402 (1932) ; Morell and Link. J. Biol. Chmu, 100 , 385 (1033). 

*** Ehrlich and Guttmann, Ber,, 66, 220 (1933). 

Nelson and Cretcher, J. Am. Chem. Soc., 6S, 2130 (1930). l 

*“ Niemann and Link, /. Biol. Chem., 100 , 407 (1983). 

Niemann, McCubbin, and Link, thtd., 104 , 737 (1934) ; Nionann, Eiaijala, and 
Link, aid., 104 , ISO (1934). 

Lefivre and ToUena, Ber., 40 , 4517 (1007). 

Lerene, Tipson, and Kreider, J. BioL Chem., UO, 100 (1937) ; Levene and CStrut- 
man, Oid., m, 203 (1037). 

Adkins and Connor, J. Am. Chem. Soe,, 03, 1091 (1931) ; Adkina and Fidksrs, tbuL, 
08, 1095 (1031). 
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DISACCHASIDE STRUCTUES 

lotzoductioii. The term oligosaccharide has been suggested by Freu- 
dettberg to denote those polysaccharides which have a definitely known 
number of component molecular units. The oligosaccharides include 
the di-, tri-, and tetrasaccharides. Only the more common of the natur- 
afly occurring oligosaccharides have had their structures elucidated. 
Many more undoubtedly exist as constituents of those glycosides that 
produce several sugars on hydrolysis. A few such rare sugars have been 
isolated and characterized.^ A number of 83aithetic oligosaccharides 
have been prepared which are not identical with any as yet found in 
nature. The oligosaccharides are glycosidic condensation products of 
the monosaccharides, a second molecule of sugar acting as the alcohol, 
and whmi hydrolyzed the simple sugars are released and may be identi- 
fied. Most of the oligosaccharides crystallize as hydrates. 

The problems arising in the elucidation of the structure of the disao- 
duuides may be clasafied under the following heads: (1) identification 
the componmit sugars; (2) which of the component sugars is the alco- 
hol portion; (3) the stereochemical nature {a- or /3-) of the glycosidic 
Snkage; (4) which carbon of the tdcohol portion is concerned in the 
union; and (S) the ring structure of each of the component 
ittpxs. llie results of tiiese studies have shown that the common disac- 
dbarides iaXL mtathiee elaasM as regards the pomt of g^ycoridio union: 
(1) tluae linlasd the redudng groups ot each oomponmit; (2) 

to eaibcm (cm ^ the alcohol portion, or the Ci-disao- 

md Ubde. /, Biol. Chmo., IM. 768 (IMS), 
aad Qwm*, B»., M, 1316 (IMS); Zcmi^ta, JtfotA luOmo, Am. imgw. 
dimi. Wiu., S7. gw (IMS) i IC. A.. SI. 4203 (ISW)). 
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oharides; (3) those linked to carbon dx of the alcohol portkai, or ^ 
Ce-disaecharides. Furthermore, d^ucose is the alcohol portitm of each. 
These structures are tidmlated in Table VII. 


TABLE VII 

STBUCTOSa OF THK CoUltOM DiBACCHASIDBS 

(1) Disaccharides linked through the reducing groups 

Sucrose 

S<3Ineop]rTaiioM (f-Ftootofiimuiw 

Trehalose 

d^JIaaopyruoM dOlnoopyranoae 

(2) Ci-Disaccharides 

Maltose 

d.<>luoai)yruu)U iHSlaoopyrasoM 






Lactose 



d-GaUctopynooee (Mlucopyranose 


(3) Cf-Disaccharides 
Gentiobiose 



Melibiose 



S-OalKtopyiuioM S'<21uoop7»tu>M 


In attacking the problems prraented by disaccharide structure, the 
nature of the component sugars was the problem most readily solved. 
The stereochemical nature (a- or iS-) of the fdycoadic linkage was detei> 
mined by means of enzymic studies and by a consideration of the optical 
rotations involved; some of these results have not be^ entirdy decirive. 
The remaining structural problems were solved by methylatitm methods. 
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Tbem«itaikiBdinmetbyhihtgaUfrmby<koxylgr0apemtibemalectih, 
bje^beofyi^ig, $md ascertaining t^e linkage by tlw nature of the hydrolytic 
{noducts dtttained. This general procedure fails undra* the head 
structunJ deteraaination by degradative methods. The classical meth- 
ods of the orgaoie chemist then require that this structure be confirmed 
by synthesis from intermediates of knovm structure through controlled re- 
actions. A few selected examples will serve to illustrate these principles. 

The methyl sulfate-alkali procedure was successfully adapted to disac- 
duuide methylation by Haworth. Maquenne *** (1905) had used methyl 
sulfate for /3-glucoside formation, and Haworth adopted the technique of 
Maquenne for the preliminaiy formation of a glycoside at low tempera- 
tures before using the more stringent conditions required for the remain- 
ing hydroxyl groups. A final methylation by the Purdie method was 
tiien generally used to ensure complete methylation. More recently, 
other metbods have been applied to the final methylation stages. Thus, 
the procedure of K. Freudenberg and Hixon (1923), employing the 
concfitions of the Williamson ether synthesis, has been applied (1939) 
as well as that modification ^ of the Williamson etherification which 
uses liquid ammonia as a solvent for the formation of the alkoxide.^ 
Mefliylation Reference Compounds. In determining the nature of 
tJhe hydrolytic products of the methylated disaccharides, a number of 
reference substances will be of significance for the examples to be cited. 

Tetramethylfrudopyranose. n-Tetramethylfructose, a beautifully cry^ 
talline sugar, was first prepared by Purdie and Paul ** (1907) by the 
methylation of that complex syrupy mixture of fnictosides obtained by 
E. Fischer (1895) through the action of methanol and hydrogen 
chloride upon fructose. The preparation of crystalline ^-methylfructo- 
side by Hudson and Brauns*** (1916) provided a superior source for 
the sugar, and its preparation by the methylation and subsequent hy- 
drolysis of thil glycoskie was reported by Irvine and Patterson *“ (1922). 
The {fyranose or (2,6-) ring structure for this sugar was established by 
Haworth and Efiist *“ (1926) by the isolation of d-arabotrimethoxyglu- 
taric add and i-dimethox^iuocimc add as their crystalline diamides 
from the nitric add oxidation of n-tetramethylfructose. 

*** IMbqueiiiie, BtiB. Ma Aim., [Z] SS, 4fl0 (1906). 

,, *** Frmidaaba's and Hikon, Ser., 86, 2119 (1923). 

and Triatar, X Am. Chm. Soe., 61, 2U2 (1939). 

Muskst, ibid.^ 66 , 693. 3449 (1934). 

*** bvine and Routtedtot, SriA, 57, 1411 (1935). 

»*l>aR|ic and Paid. X Ckm. Boe.. 61. 289 (1907). 

Jtv., SS. 1166 ( 1895 ). 

*>* Biidaoa ai^ Btanna J. Am. Chtm. Soe., SS, 1316 (1916). 

*•* Irvine uid Pattersott, X Ckem. Soe.. 1X1, 2146 (1922). 

<WBaworai and MtA, AiA. 186S (1936). 
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2,S,6-Trimethylglucose. The trimethylglucose (I) having this struc- 
ture was prepared in crystalline form by Denham and Woodhouse** 
(1914) as a hydrolytic product of methylated cellulose (p. 1687). These 
workers*®* (1917) considered that the second position- was occupied 
because the substance formed no osazone (qf., however, p. 1581), and 
that the third carbon was methylated because, on cyanohydrin forma- 
tion, demethylation occurred with the formation of a dimethyl lactone 
(II). Haworth and Hirst *** (1921) showed that the sugar was converti- 
ble into n-tetramethylglucose (III) on further methylation and hydroly- 
HS. A useful derivative of this trimethylglucose was obtained by 
Schlubach and Moog (1923), when they isolated its /S-methylglycoside 
in crystalline form. Further support for the third position carrying a 
methyl group was afforded by the isolation of this trimethylglucose from 
the hydrolysis products of methylated lactose by Haworth and Leitch 
(1918). Since Ruff and Ollendorf ““ (1900) had obtained an osazone 
(VH) from the disaccharide (VI) resulting from the degradation of lac- 
tose by one carbon atom, then position three must be open in lactose. 
Good proof that the sixth position was occupied was provided by Irvine 
and Hirst (1922), who obtained a crystalline lead salt of a dimethyl- 
saccharic acid (IV) on nitric acid oxidation of this tiimethylgiucoee. 

*** Denliani and Woodhouse, ibid., lOS, 2367 (1914). 

»* Denham and Woodhouse, ibid., lU, 244 (1917). 

X' Haworth and Hirst, ibid., 119, 193 (1921). 

»• Schlubach and Moog, Ber., 59, 1967 (1923). 

X* Haworth and Leitch, J. Chem. Soe., IIS, 197 (1918). 

xo Ruff and OUendorf, Ber., 33, 1806 (1900). 

x> Irvine uid Hirst, J, C&em. Soc„ 111 , 1218 (1922). 
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Detenuinatioii of tbe Structure of Maltose (Iwf-Glucopyranosyl- 
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Maltose was isolatwi by Dubrunfaut *“ (1847) aad is produced along 
vifli dexbins by the diastatio degradation of starch. It is reducing and 
produces two moles of d-gluoose on hydrolysis. Its hydrolytic mayme is 
maltase, and the sugar is therefore conndered to possess an <t-di«M- 
charide linkage. E. Fischer had classified glycosides on the baas of 
enzyme specificity, the a-form being the one hydrolyzed by maltase and 
the jS-isomer the one split by emulsin. This useful principle is not 
always of general application. 

As early as 1905, Purdie and Irvine methylated maltose by the 
silver oxide method. Although oxidation occurred during the methyla- 
tion process, they succeeded in isolating crystalline n-tetramethylglucose 
as a hydrolytic product of their methylated substance. Haworth and 
Leitch** (1919) obtained a completely methylated and unoxidized 
maltose structure by the methyl sulfate procedure, and on hydrolysis of 
their methylheptamethylmaltoside they verified the results of Purdie 
and Irvine by obtaining n-tetramethylglucose. The second hydrolytic 
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*** Dubrunfsut, Ann. ektm. phi/*., [31 U, 178 (18^7) • 
*** Purdie aiid Irvine, /. Chtm. Soe., 87, 1022 (1906). 
Haworth and Leitdh, tbid., lU. 800 (1910). 
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I^Oikotffaa isolated ia (arystaUme form aod Mtentified as 2|3,6>triiQsthyl< 
l^ooee in 1926 (Irvine fwd Black;*** Cooper, Haworth, and Peat***). 

Hie isolaticm of 2,3,6-trimeth.ylghioose as a bydidj^c product of 
adisaceharide does not definitely complete the structural determination, 
si&ce the iduoose mcdecule in the redudng portion might exist in either 
the pyranose or furanose form. It is necessary to prove that one of the 
two poffltkaie, four or five, is involved in the gdycosidic linkage and 
the other is involved in the laotol structure. Definite allocation of the 
dimorharide linkage was made by Haworth and Peat**' (1926), who 
dJminated the troublesome ring in the reducing portion of the maltose 
molecule throu{di oxidation to the bionic acid. Calcium maltobionate 
was methylated to form methyl octamethylmaltobionate, and on acid 
hydrolyms this yielded ciystalline ft^tetramethylglucose and 2, 3,5,6- 
tetramethylgluconic add, isolated as its ciystalline phenylhydrazide 
(p. 1560). The structure of the latter follows from its previous forma- 
dem by the hypobromite oxidation tetramethylgluoofurancise. 

Determination of the Structure of Cellobiose (d-d-Glucopyrano^i- 
jS-tf-ghicopyranoside) . 



Skraup and Kdnig *** (1901) obtained this sugar in ciystalline form 
by the sc^nification of its crystalline octaacetate, which had been pre- 
pared previously by Fraachimont *** (1879) from the aoetolysis of cel- 
with acetic anhy dride and sulfuric add. The free sugar is readily 
obtained crystalline from the saponification of its acetate by sodium 
ethoidde mw^rding to Zempldi *"’ (1926). As the best evidence indicates 

Ij^and sas (tSU«). 

Cooper, Pe*t. ibid., 876 (1928). 

Ernmum eadjfa lOM (1926). 

*** Skemp aad |^b, for,, M* tltt* (1901). 

*" FMadiimoiApr. ia, 1941 (1879). 

»» ViftmiJfci, 1208 (1036); Zemplfo, Oetws, and Hadioqr. B«r„ 08, 1827 

(1030). 
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that this sugar is preformed in the cellulose molecule its structure is of 
fundamental importance. It is reducing and is hydrolyzed by acid or 
by emulsin into two moles of glucose. Accordingly it has a jS-disao* 
charide configuration. 

It differs from maltose only in its giycosidic configuration, and aimilar 
methylation procedures were used to prove this point. Crystalline «- 
cellobiose octaacetate was simultaneously deacetylated and methylated 
with methyl sulfate and alkali by Haworth and Hirst (1921) to form a 
crystalline methylheptamethylcellobioside, which on hydrolysis produced 
crystalline »-tebramethylglucose and the crystalline 2,3,6-trimethy}|du- 
cose of Denham and Woodhouse. 

As with maltose, these results limited the disaccharide linkage to 
carbon atoms four or five of the glucose molecule. Evidence for the sdeo- 
tion of carbon four was given by Haworth, Long, and Plant (1927). 
Cellobiose was oidflized to calcium cellobionate, and this on cmnplete 
methylation produced methyl octamethylcellobionate. Hydioly^ of 

Haworth and Hirst, J, Chtm. Soc., US, 183 (1921). 

*** Haworth, Loos, and Plant, ibid., 2808 (1987). 
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tlte bitter {mxtuced n-tetramethy^oose sctd 2,3,5,6-tetramiethyi|^uo(>< 
wdftotooei '^ch in tide ofu^ was isolated in crystalline condition (m. p. 
26-27°) and also as its oystalline phenylhydrazide. 
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Determination of the Structure of Sucrose (l-o-d-Glucopyranosyl- 
^-d-fmctofuranoside) . 



CHiOH CHjOH 


Sucrose or common table sugar has long been known. This sugar is 
Tcxy widely distributed in the plant kingdom and is apparently the trans- 
port form of (axbohydrate for naany plants, as d-glucose is for the animal. 
The main eomm^cial sources are the sugar cane and the sugar beet, and 
the final product is sold to the consumer in a very high degree of purity. 

Sumise is a non-reducing disaccharide, and this fact solves immedi- 
atdy the pmnts of attachm^t of its component sugars as being through 
thdr i^yeos^ carbon atoms. It is hydrolyzed with,great ease by dilute 
arids and also by ite enzyme invertase to produce one mole each of 
ghtoose ani4fructose. The stereochemical nature of the two glycosidic 
fedragw Jkot been determined definitely, but the evidmce points to 
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an a»-linkage for tbe ^ucose component and to s /S-Hnkage for tbe 
fructose portion. From a study of the kinetics of sucrose hydrolysis by 
concentrated solutions of invertase at low temperatures, Hudson ** 
(1909) considered that the glucose component was a-^ucose and that 
the fructose component was a new form of fructose. 

Purdie and Irvine (1903) isolated n-tetramethylglucose on hydroly- 
sis of a methylated product obtained by the methylation of sucrose by 
the Purdie silver oxide method. Haworth (1915) prepared a c(Hn- 
pletely methylated octamethylsucrose, succeeding in this by using suc- 
ce^ively the methyl sulfate and Purdie alkylation procedure. Sucrose 
tends to stop methylation at the heptamethyl stage, the eighth methyl 
group entering with difficulty. Haworth and Law (1916) hydrolyz^ 
this octamethylsucrose under the mildest possible conditions and sepa- 
rated the hydrolytic products by high vacuum distillation. Crystalline 
n-tetramethylglucose was obtained from the higher-boiling fraction. The 
lower-boiling fraction proved to be a dextrorotatory tetramethyl hexose 
which was not identical with the crystalline and highly levorotatory n- 
tetramethylfructose of Purdie and Paul. Consequently, the fructose 
component of sucrose must possess a different ring structure from that 
of ordinary fructose. The ring structure of this so-called y-fructose was 
foimd to be of the furanose (2,5-) type by Avery, Haworth, and Ebrst 
(1927). Haworth (1920) found that the readily obtainable hepta- 
methylsucrose contained a fully methylated fructose portion. Hep- 
tamethylsucrose was accordingly used as the best source of y-tetra- 
methylfructose. 

In the work of Avery, Haworth, and Hirst, the syrupy y-tetramethyl- 
fructose (I), obtained by the mild acid hydrolysis of heptamethylsucrose, 
was oxidized with nitric acid and the oxidation product (II) isolated as 
the ethyl ester. This substance was a lactol or glucosonic acid which 
could be methylated to form a non-reducing glycoside, and this in turn 
produced a crystalline amide, (hddation of the lactol acid (II) with 
barium permanganate in acid solution yielded the crystalline (m. p. 29°) 
trimethyl-y-d-arabonolactone (III). The enantiomorph of this had been 
preAUOUsly obtained by Baker and Haworth ^ (1925) from trimethyl- 
t-arabinofuranose. Nitric acid oxidation of this lactone yielded (levo)- 
dimethoxysuecinic acid (IV), characterized as its crystalline amide and 

m Hudson, J. Am. Chm. Soe., SI. 655 (1900). 

Purdie and Irvine, J. Chem. Soc., 83, 1021 (1603). 

Haworth, <5td.. 107, 12 (1915). 

»• Haworth and Law, Md., 109, 1314 (1916). 

Avtsty, Haworth, and Hirst, Und., 2308 (1027). 

Haworth, ibid.. 1X7, 100 (1920). 

”* Baker and Haworth. Aid., 187, 366 (1026). 
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STathesisof Gentiobiose (G^-GIucopyranosyl-^-glucopyranoside). 
Hawortk and Wjlam**' (1923) obtained a crystalline methylheptar 
metbylg^tiobioade by the complete methylation of gentiobioae, and 
this on add hydrolysis produced crystalline n-tetramethylglucose and 
2,3,4-trimethylgluoose,*'^ identified as its crystalline |3-methylglycoeide. 
This indicated that die disaccharide linkage was on carbon six and the 
Bupur ring on carbon five, or vice versa, with the probability in favor of 
die fonner. Later synthetio experiments dedded the carbon six disao- 
ohaiide linkage. 

The synthetic work of Helferich*" and his coDaborators (1924r- 
192fi) has confirmed the structure of gentiobiose as 6-glucosidoglucose. 
Helferich found that triphenylmethyl chloride (called by him trityl 
ohloride) reacted preferentially with primary alcohol groups. Glucose 
reacted with trityl chloride to form a 6-monotrityl ether, the allocation 
bdng proved by treatment with phosphorus pentabromide to form 
derivatives of 6-bromoglucoee. Fischer and Armstrong*** (1902) had 
jmviously obtained derivatives of this substance, and Fischer and 
Zadi ** (1912) had determined that the bromine was on the terminal 
OBibon atom by reduction to the methylpentose isorhamnose. Helfetich 
aoetyiated 6-tiitylgJucose and then removed the trityl group by mild 
treatmfisit with hydrogra bromide, thus obtaining a glucose structure 
with only the sixth position open. Reaction with aoetobromogluoose 
produced gantiobioec octaaeetate, the /3-oonfiguration being rendered 
prchable by the fact that aoetobromogluoose produces ^-glycosides under 

** Ifovortli * 1 ^ Wylam, ibid,t Itt, 3120 (1923). 

**‘ Irvin* sad 1ST, 2729(1923); Clii^ton, Hswortk. and Ewfast, (ML* 

SMB (1931). 

*** angew, Chm^ 41, 871 (1928) ; iimiifririiis paiMr. 

*** Fludicr and Amutrons, 88, 833 (190^. 

W X1wd»r and Zadt. Btr„ 4», 8701 (1913). 
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these coaditioos. The use of an internal deaeeant in thin ocHideosa^oii 
has been found to increase the yield very omsiderably “• (R^imolds 
and Evans, 1938). 


H OH H OH AoO H AeO H 



CH,OH CH,OC(Crfl6), CH^(C6H.), CH*0H 
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SDBSTITUTSD SDGiJtS 

The preceding chaptra* has been concerned with the structurea of 
the carbohydrates and the methods involved in determining them, and 
with certain of the reactions of the sugars. The present chapter will 
devote leas attention to questions of structure and configuration, but 
4rill discuiffi certain substituted and derived sugars, and will consider 
S(ane of their isomerisations and d^adations. 

In many branches of organic chemistry, the original interest of the 
subject was either the elucidation of the structure of naturally occurring 
substances or an inquiry into biolc^cal processes. This is particularly 
title in reflect to carbohydrate chemistry, and, althou^ often obscured 
by the tremendous complexity of the field, the basic interest may be 
attributed to the extensive distribution in nature of carbohydrates and 
their derivatives and to their extremely important biological ftmctions. 
The iwesent discussion will conrider the subject from this viewpoint and 
will devote particular attention to those substances which are of biologi- 
cal as well as of chemical interest. 

Eaters. A number of carbohydrate derivatives which might be con- 
sidered of minor chemical importance achieve a significance through 
their biological associations, and to this class belong many of the esters. 
Thus while the acetyl and benzoyl esters which have been discussed 
previously are only infrequently of biological interest, the phosphoric 
esters on the other hand are of extreme importance and of wide distribu- 

in nature. Some of them have been discovered in muscle metab- 
(diem, several have been isolated from fermentation processes, to which 
th^ are essential, and a further group are constituents of the nucleic 
aoi^ The related gb^cerol phosphate is a constituent of certain lipides, 
and the likewise-related phosphoglyceric add is found in the blood in 
dgnificant amounts. These last two compounds have further important 
ftmcticNDS whidi will be discussed under fermentations. 

From studies on fermentation and on muscle enzymes a number of 
phoepho esters have been reported from time to time, but they have 
not ^ been authenticated dnee there is condderable difficulty in secur- 
ing them in pure state. Four hexose esters for which the structures 
have been estaldidied are the Barden^-Young (fiphosphate (fructose- 1,6- 
d jp h ospha tfi), the Robison monophc»phate (glucose-6-pbo8[ffiate), the 
Neub^ ester (fructose-fi-phosphate), and the Cori ester (gluoose-l- 
pimephate). Two a<Mitional fermentation esters which have been much 
less investigated are a mannose phosphate and a trehalose phosphate 
whkffi yielda the Robison ester on hydrolysis and must, therefore, be 
trdudoee-d-monophai^ate. In the pentose series, ribose-3- and 5-phos- 
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phates haye been eeoared from yeast nucleic acid degradations, Imt tbe 
2-desoxyribo8e phosphate which must be the corresponding constituent 
of thymus nucleic acid has not as yet been isolated. In very recent 
years the great activity in the field of fermentation research has led to 
the isolation of the triose phosphates: dihydroxyaoetone phosphate, and 
glyceraldehyde-2- and ^-phosphates. 

Partly in connection with structural studies on the above estersjl 
but mostly because of researches on the posable functions of the lAios- 
phoric esters in nature, a number of synthetic phosphates have been 
prepared. The procedure usually consists in the treatment of a partially 
substituted carbohydrate with phosphorus oxychloride in the presence 
of dry quinoline or pyridine or some aqueous alkali. A newer * reagent 
is diphenylphosphoryl chloride; the phenyl groups in the resulting prod- 
uct are removed by catalytic reduction. The directing substituents are 
removed ; the product is isolated and may be purified by piedpitation 
of its barium or calcium salt or by crystallization of its alkaloidal salts. 
As a typical example * there may be illustrated the synthesis of gluccfee-3- 
phosphate through the intermediary diacetoneglucose (p. 1557): 


CHO 

I 

HCOH 

I 

HOCH 

I 

HCOH 

I 

HCOH 

I 

CHsOH 

Oluooee 


HCOv 
I >CMe, 
HCCK 

I 

HOCH 
HC 


0 


HCO\ 

1 >CMes 
CHjO/ 

Diaoetonegluooee 



HjOsPOCH 0 

I 1 

HO ' 


HCO' 


CHjC/^ 


CMe, 


DiaoetoDegluDMe- 

3>pho«^ato 


CHO 

HCOH 

I 

HsOjPOCH 

I t 

HCOH 

i 

HCOH 

1 

CHjOH 

Olii<ioae.3-ptt0(plutte 


The method is general and requires only that the appropriate partially 
substituted derivative be available, and that removal of the directing 
substituents be postible under conditions which leave the phospho 
group intact. These requirements have been met in a number of in- 
stances, and in this manner there have been synthetized the Rolnsmi 
ester mentioned above, as well as glucose- 1-, 3-, 4-, and S-pho^l^tes, 
leaving only the 2-pho8phate unknown in the glucose series. Fructose-1- 

> Brigl and MCUer, Ber., n, 2121 (1939). 

' Levena and Meyw. J. Biol, Chem,, BS, 431 (1922) ; Komatsu and Nodau, iitm. CoU 
Sd, Kyoto Imp. Uni»., 7, Berios A, 377 (1924) ; Kodcu, J, Biodkom, (Japan), •, 31 (1926) 
Baymond and Levena, J. Biol. Chem., 83, 619 (1029). 
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lOid 3>pboci{^at^ galactose-1- and d-phosphates, maiiBOse-l-i^o^^^te, 
d4iboBe'&-l^iOBpliate (and incidentally uridine- and inosine-S-phoB- 
piuites), d<xyk)Be-5-idi08phate, d-arabinose-S-phosphate, and all three 
of the triose {dtosplmtes jMreviotiriy mentioned have been likewise syn- 
theaaed. The synthesis, by less dear-cut procedures, of the Harden- 
Young dipho^dute and the Neube^ monophosphate has been reported. 
Attempt to synthesise d-xylose-3-phospluite resulted instead in the 
5-idioqdiate, migration of the phospho group having apparently occurred 
during rmioval d the directing groups. This is the only recorded in- 
stance of non-enzymic migration of a phospho group, although migration 
d oth^ substituents is not uncommon. 

In the above syntheses it has been assumed that the phosphoryla- 
tion was not attended by Walden inversion, and in this connection it is 
dearable to refer to Robinson’s suggestion ' as to the origin of certain 
sugars in nature. In experiments on hydrolysis of sugar esters, par- 
ticulariy the- tosyl * esters, it has been observed that frequently, al- 
thoui^ not invariably, there occurs a Walden inversion (p. 264), resulting 
in the formation of a new sugar. Thus, considering only the carbon 
atom in question: 


HCOH -♦ HCOR 


Hydrolyws with 
'WaSaitsu mv«nion 


> HOCH 


lU^inson has su^sted that in nature certain sugar esters such as the 
phosphates are formed, and are then similarly hydrolyzed •with attendant 
Walden inversion, thus producing a new sugar. In this way glucose 
coTild yield glucose-4-phosphate and then on hydrolysis could gi've rise to 
galactose, thus accounting for the origin of this sugar. Against this 
ingenious explanation it should be observed that, in all investigations 
riius far, enzymic dephosphorylation has not produced any sugar other 
than that originally phosphoiylated. Although this does not exclude 
the possibility that some system actually exists in nature where this 
change takes place, the reaction has not yet been demonstrated. 

A posable f^abation of the non-occurrence of Walden inversion 
during hydrot$/^ysf, phospho esters is found in the work of Herbert and 
Eddies involving the use of water made from the 
ipe, they were able to show that cleavage of phosphates 
RO— and the phosphate group: RO -j- Phospho. 



Bltmienthal 
heavy oxyi 
occurs bet 


mBaaiA 


■€, ISO, 44 (1927). 
e und Ummgboat this chapter m an abbreviation (or the p-toluene- 
ns wilt be rued in (ormritaa. 

iVefure, lU, 248 0039). 
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In this <»6e no Walden iaveision would be expected. (See p. 264 

seq.) 

A second group of esters, owing their particular interest to thar 
biological orig^, are the sulfuric esters* which occur as constituents 
of the mucoproteins and in certain seaweeds. In the muooproteinB the 
non*protein portion has been found to be a complex of glnc urn nic acid, 
acetic acid, sulfuric add, and an aminohexose (chondrosamine or efaito- 
satnine). In these compounds the sulfuric add is apparently attached 
to a hydroxyl of the hexosamine, but since this sulfuric linkage is most 
eadly severed, the degradation products are all sulfate-free so the point 
of attachment has not been definitely established. A sulfuric ester of 
increasing biolo^cal interest is heparin, which delays or prevents co- 
agulation of blood. It appears to be a polysulfviric ester of mucoitin.* 
A few synthetic sulfate esters have been prepared by methods analogpos 
to that for the phosphate esters except that the phosphorus oxychloride is 
replaced by chlorosulfonic add or sulfuryl chloride. There have been 
prepared in this manner derivatives of glucose-3-, 6-, and possibly 6-sul- 
fates, and fructose-1- and 3-sulfates. Certain of these esters have been 
studied by Ohle and co-workers, who consider that the oxidation mecha- 
nism of fructose sulfuric (and phosphoric) esters affords insight into the 
biological processes of carbohydrate degradation. 

A further group of naturally occurring esters is that of the tannins. 
These substances were reported to contain glucose, and, although this 
was disputed, it seems confirmed by the best available evidence. On the 
assumption that the small glucose content was due to the presence of 
several digailoyl residues, Fischer synthesized pentagalloyl- and penta- 
digalloylglucose and found them to be similar in properties to the nat- 
ural gaJloyl tannins.'' Another synthetic derivative, 1-gaIloylglucose, 
has been found to be identical in every respect with a natural product 
which is associated nith the tannins, and a crystalline tannin has been 
isolated which is apparently a digalloylglucose. In these esters one 
or more of the carbohydrate hydroxyls are esterified with either gallic, 
C 8 H 2 ( 0 H) 3 C 00 H, or digalUc acid, HOOCCeHaCOHlaOCOCeHaCOHla. 

Although not among the naturally occurring esters, the borates are 
worth mention. From a synthetic standpoint they are of particular in- 
terest because in them the substitution is frequently in portions wtuch 
are different from those of the other common substituting groups. 
Metaborio acid is employed in the condensations, and two hydroxyls 

'Levene, “Hszoeamines and Muooprotans," Longmans, Greon and Co., Ixindon 
C1926). 

' iorpes and Beigstrfim, J. SM. Chert., US, 447 (1937). 

’’ Fiitsber and Freudenbarg, Ber., 4S, 91S (1012) ; Fisober and Brngmami, Ser., St, 17SS 
(1918) ; B*r., n, 820 (1910). 
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are TjBoally involved I yBOH. The linkage is earily severed by add 

I 

hydrdysis idren d^oed, so that the preparation of new, partially sub- 
stituted derivatives is facilitated.' 

A final type of ester which merits consideration is that of the ortho- 
aeetates. These were first discovered* in preparing a glycoside from 
aoetobromorhamnose aiul methyl alcohol in the presence of diver 
carbonate. They differ from the normal glycoddes usually produced 
by tins reaction, being characterized by having one acetyl group resistant 
to even vigorous alkaline hydrolysis. On the other hand this acetyl 
and the methyl group are hydrolyzed by the mildest add treatment, and 
<Hi this account they were conddered to be furanoddes, with one acetyl 
group unaccountably stabilized. The correct explanation was indicated 
by Braun from a study of ultra-violet absorption bands; the subject 
was tiien further studied by Freudenberg and, at about the same time,- 
by Haworth. It was thus shown that one acetyl group is in the ortho- 
acetate form, being attached to two of the sugar hydroxyls and to the 
methyl group. 


I — CH(X vOCH* 

0 


I 

CHOOOCHi 

I 


The formation of the orthoacetates is, for some unknown reason, fadli- 
tated hy having cfs hydroxyls on carbons two and three of the sugar, so 
that the orthoacetate is the dominant reaction product with the sugars 
faffing in this categeny. It has also been observed, however, with sugars 
not belonging to this type, for e^mple, in the disaccharide, turanose. 
TTfis sugar is of farther interest since Paesu cldms to have secured the 
two orthoaoetates vhich would be expected, arising from the new asym- 
metric oarbem which has been created in the orthoacetate. 

• Brid wd OrQiMe, Ann.. 4N. «0 (1932) ; Ber.. M. 1977 (1933) ; Ber., C7. 1909 (1934) ; 

vou Ber..iW, TOt. 1394 (1933). 

• PiaelMr, Bwinuuai, and B«b«, Ber^ U, 2366 (1920) ; Beronshtein and ShqdurAii, 
mmn. Khem^Zhur., II, 433 (1936). 

" Braun. ^»iiutv>iMtn»(Aeiften, It, 393 (1930) ; Ber„ tS, 1972 (1930) ; Freudenberg, 
1% 393 (1930); Freudenberg and BehoU, Ber., 43, 1909 (1930); 
Bsvor^, and MBter, J, Ckm. See., 2469 (1929) ; Bott, HavorUi, and Hint, tWd., 
(WKO- 

A. Am. Chm. Bee., S4, 8649 (1932): aee, aiao, Ck>ebA and Babm, J, BiaL 
707 ( 1931 ^. 
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A furtiiier example of these derivatiivea has been provided by Isbell, “ 
who was able to hydrolyse the methyl group in h^jtaacetyW-^ueo- 
radmuethylmannorade. The resultant compound differed from tiie ordi- 
nary glucoddomannose heptaacetates in t^t it exhibited no mutarota- 
tion, and this was interpreted by Isbell as being due to an orthoaeetate 
structure. 



A recent contribution to this interesting held is that of Elingensmith 
and Evans “ who condensed acetobromoribcee with dihydroxyacetcme 
monoacetate. The product had the orthoacetate structure, yet, in con- 
trast to all previous examples of this group, was unstable to alkali. 
This was interpreted as being due to rearrangement to the enediol. 

In connection with the orthoacetates there may be considered the 
observed migration of acyl substituents, which has been assumed to pass 
throu^ the ortho form as an intermediate. ¥or example, the migration 
of the benzoyl group from position three to six in monoacetone^ucose, 
for which Josephson has provided some excellent data on reaction rates, 
may be written as follows: 


0 CHOCOCeHs 

Uh 

CHOH 

I 

CHjOH 


0 CHO 


u 
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CH 

I 

CHOH 

CEiO^ 




CeH* 

OH 


0 CHOH 
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H 

I 

CHOH 

I 

CHjOCOC,®* 


Rimilar mechanisms have been assumed for other migrations “ of tins 
type. Acetyl groups, as well as benzoyl groups, have frequently been 
found to undergo such migrations. On the other hand only one migra- 
tion of a phospho group in the sugars has been described and ttere 
seems to be no authenticated instance in the literature of such migration 
of alkyl groups. A single example which is of considerable interest, but 
of a different type, was reported by Ohie,“ who observed intennolecular 
migration of a tosyl group: a monotosyl derivative, on treatment with 
ammonia, was found to give rise to a ditosyl derivative, a part of the 
material having tosylated the remaindw. 

» Isb^, J. RewarA Nad. Bur. Standardt, 7, 1116 (1931). 

Elinsensmitli and Evans, J. Am. Chem. See., SI, 3012 (1930). 

** Helferieh and Klein, Ann., SU, 173 (1927) ; Haworth, Hirst, and Teeea, / . Chtm. 
Soe., 1406 (1930); 2868 (1931) ; HeUerioh and MQller, Ber., S3, 2142 (1930); Joaqdiaan, 
Sttntk Kern. Tid.. <1. 99 (1929) : Her.. SS. 3089 (1930). 

V Ohle and Uobtenstein, Ber., 63, 2906 (1930). 
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’’Ham iii^ratiaDS are of major importaoce in eonsideiaticms of stnio- 
^taze, and it is necessary to be extremely cautious in basing conclusions 
nn^Km original positions the substituoits, which may have been alt^ed 
by the subsequent reactions. 

Thh) Sugars. Turning from the esters of the sugars to other deriva- 
tive occurring in nature, mention may be made of the thio sugars. 
Apart from the fairly prevalent thio^ucosides only one thio sugar from 
a natural source is known, and this is the thiomethylpentose which 
ocKnuB in yeast. It is combined as an adenosine nucleoside, but its 
stfucture has not yet been established beyond question. Along syn- 
thetic lines there have been only two studies on sugars in which the 
thio group is non-glycosidic, that of Freudenberg on 3-thio- and S-thio- 
methylglucose, and that of Raymond on certain sugars in which the 
thiomethyl group was substituted for the primary hydroxyl 

In the first of th^ investigations, diacetoneglucose was converted 
to the xanthogenate, which was methylated, isomerized by heating, 
hydrolyzed to the thiodiacetoneglucose, and re-methylated to thio- 
methyidiaoetoDe^ucoae. Add hydrolyda lemoved the acetone groups, 
giving the free thio- or thiomethylhexose: 

Na CHiI 

CisHMOiOH CuHwOtOC^Na > CuHiAOCSSCH, 

DiaoetoiMglueQM 

Heat NH4OH CHiI 

> CuHbOsSCOSCH, CuH^OsSH — U CuHuOsSCH, 

3-TT)ioniclhyl- 
diaoetonegl ucoin; 

CbHuOjSH CaHuOaSH 

CuHmOiSCH, CtHuOaSCH, 


In the second research, 3,5-anhydromonoacetonexylo8e and 5,6- 
anhydromonoaoetoneglucose were heated with the sodium salt of the 
appropriate alkyl mercaptan. The anhydro ring was thus opened by 
a<Wtion of the mercaptan, which apparently became attached to the 
t^minal carbon. 
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In earib of these investigatimis it was assumed, without experimental 
eonfinnntbn, that Wal^n inverrion had not occurred, and that the 
tibln oompcnuid had the cemfiguration the original sugar. 
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Am i no Siqpars. Hie amino sugars * are latiier «dck^ distribcrted 
in nature, partiiculaily as constituents of nmoo- and otho’ proteins^ and 
of tbe polysaccharide, chitin. All riie naturally occurring amino sugars 
are hexoses, and the amino group is invariably on the second caiixm 
atom. Inasmuch as at the present time there is no direct merimd of 
establii^ing the point at wUch a Walden inversion occurs, the com 
figuration of these compounds cannot be definitely stated. However, 
on the basis of indirect evidence there seems to be general agreement that 
chitosamine has the configuration of d-glucose,“ epichitosamine that of 
d-mannose, and chondrosamine that of d-galactose. The synthesis of tbw 
group of compounds has been effected by adding ammonia and hydrogen 
cyanide to the appropriate pentose, hydrolyzing the product to the add, 
separating the two epimers, converting to the lactone, and reducing to 
the aminohexose: 


CHO 

(inoH) 

in,! 


CN 
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lOH 1 

CHaOH 


COOH 

h<[:nh, 

' (inoH), 
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in, OH 


CHO 

HiN(!:h 

(^HOH), 

(llHaOH 


In this way all eight possible 2-ammo-cf-hexonic acids, bufonly four 
of the possible 2-amino-ci-hexoses, have been prepared. 

A second method of synthesis, more limited in application, is the 
addition of ammonia to the 2,3-anhydro sugars (see below). In this 
way 2-aminomethylglucoside ” and 2-aminomethylaltroade *• have 
been obtained. The assumption as to the mechanism of the reaction is 
clearly stated by Peat and Wiggins and is that opening of the anhydro 
ring is attended by Walden inversion of only one carbon atom and that 
this is the carbon to which the entering substituent becomes attached. 
Thus, in the above cases, the intermediates were derivatives of 2,3- 
anhydromethylmarmoside and 2,3-anhydromethylalloside, respectively: 


CHOCH, 
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CHOCH; 
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CHOCH, 


9,3-Anh,rdro- 

methyl- 
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HOCH 
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" For more direct evideace, see Hmwortb, I«ke, and Peat, J. Chan. Soe., 271 (1MI9). 
Roberteon, Meyers, and Xetlow, Nature, 142, 1076 (1838); Robertson and Mayen, 
aid., US, 640 (1930). 

** Peat and Wiggtne, J. Chem. Soe., 1810 <1888). 

Peat and Wiggiiw, ibid., 1088 (1038). 
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■ In mmy anoao sogetrs lUKao)^ tlie oidiaaiy suipis. 

deiival^Tes bave been {uepared aa as certain cl the 
fifflitaaeetatf^, oxiines, e^caibasones, and pheny!hydra«»ies. The 
a«et(^>romo derivathre tdutosaznine hae been obtained and with phe* 
note gives ordinary pyranoodes, hydrolyzable by emolain. With methyl 
alet^td, however, ^ycoeide which is secured is almm-mal in that the 
methyl group is extremely reastant to add hydro^rsis and is not hydro- 
lysed emulsin.*'* Further znethylation of the glycodde gives a di- 
methylmninomethylglycoside, and this, on alkaline hydrolysis, loses 
methyl and amino groups and is converted to glucose. This series of 
reactions has been inteipreted by assuming that the origLoal methyl- 

, 0 , 

glycoside is really the cyclic compoimd CHjOHCHCHOHCHOHCHCH 

1 I 

CH^-0 

whidi on methylation and hydrolysis loses the N(CH 3)3 group: 


-O- 




CH^HCHCHOHCHOHCHCH 

I I 

(CH,),N-0 

CHiOHCHOHCHOHCHOHCHOHCHO (Glucose) 

+ 

(CH,),N 


This reaction is of threefold interest: first, because it has been used as 
a basis for postulating a structure fm the polysaccharide chitin; second, 
becatme of its posable relationship to the occurrence, in nature, of 
betaine, CHt— CO, and amilar compounds; and third, because it 

I t 

(CH,),N 0 

would establish, in the absence of aiqr Walden inversion, the configura- 
tion ot chitosamine. In this last connection it is mteresting to see 
that precisely the opporite correlation (i.e., to mannose) results from a 
diffeiwt series of reactions. Thus, if the same aminomethylglycoside 
used above is converted into the benzylidene derivative, and this then 
heated with nitrous acid in the presence of sodium nitrite to avoid 
excess ackfity, the methyl and amino groups are sunultaneously elimi- 
sated and a benzyhdenehmcose results. Mild add hydrolyds removes 
the besutylidene group and mannose is secured. Since glucose resulted 
in the form^ reaction it is evident that in one or the other a Walden 
hivecmcm has takm place, and in the absence of oii^emmtaiy data no 
enmSadmis as to oat^gunflon sre posable. 


aysd, tML, KM, 41 (»t9. 
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Altiioa^ only ataino sugars found is natura have &e fusiso 
group in pomtion two, those in which it is in other portions have been 
prepared synthetically. Thus l-aminoglucose (^ocoshnine) has been 
obtained from glucose and alcoholic ammonia, and snibsequently ** a 
general synthms of the l-aminoaldose derivatives was reported which 
involves simply dissolving the aldose in liquid ammonia and evapo- 
rating the excess solvent. On the basis of the behavior of the onmes 
and hydrazones of the aldoses, it may be assumed that these compmunds 
can exist both in ring and open-chain forms: 

, 0 , 

CHiOHCHCHOHCHOHCHOHCHNH, 

or 

CH20HCH0HCH0HCH0HCH0HCH=NH 

However, this problem has not been deeply explored. Another 1-amino 
sugar is the 1-aminofructose which was obtained by Fischer by reducing 
glucosazone with zinc dust and acetic acid: 

IIC(=NNHC 9 H 6 )CH=NNHC 6 H* RCOCHsNH» 

Gluco8as<»e l^AminofruetoM 

In addition to these 1-amino sugars, hexosamines with the amino 
group in position three have been prepared synthetically. The first 
of these is obtained by treatment of 2-bromo-, 2-chloro-, or Z-tosyl- 
^methylglucoside with ammonia.^ In each case the amino group bfr 
comes attached to carbon three, presumably through intermediate for- 
mation of an anhydro compound. The product was named “methyl 
epiglucosamine” by Fischer, although this nomenclature is unfortunate 
in that it indicates a 2-aminohexo8e, epimeric with glucosamine. This 
is quite erroneous as was shown by Levene and Meyer, who prepared 
the osazone and found that the amino group had been retained.** 

It is evident that, in the above reaction, there is a possibility of 
Walden inversion either during formation of the ethylene oxide ring or 
in its opening by the ammonia, so that epiglucosamine might have any 
one of four possible configurations. It was deduced by Freudenberg ** 
that the most probable one was that of altroee, and later opinions con- 
firm this. On the ba^ of the mechanism formulated above for the pro- 
duction of the 2-einino sugars from the 2, ^-anhydro sugars, hero 

" Musk&t, J. Am. Chem. Soe., H, 693 (1934). 

" Fiacher, Bergnuum, and Sohotte, Ber., IS, 516, 639 (1920) ; Bocbmote, BawcHb, and 
Hint, /. Chem. Soc., 161 (1934). 

** Levene and Meyer, /• Biol. Chem., W, 221 (1923). 

** Freudenberg and Doaer, Ber., SS, 294 (1926) ; Freudenberg, BurUiart, and Brann, 
Ber., SS, 714 (1926). 
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ii^ta&ediate mtut be 2,3-aQh3rdn»QethyImamioBide (formed from 2 - 
tiM^l^ttcoae by Waldea inveiaon of carbon-tiro) which then adds 
ammonia with WaMm inveraon of carbon-three: 


-CHOCH, 


-CHOCH* 


O HCOTIS 

1 

HOCH 


S-Tbayhncthyl- 

■huood* 


|o<I^ 


CH 

I 

2,3-Anliydro- 


— CHOCH, 

1 

0 HOCH 
HCNH, 


S^Aminomethyl 

aHroaide 

(methyl epigluooeamiiie) 


In fflmilar fashion S-aminomethylglucoside has been obtained by 
action of ammonia on 2,3-anhydro- and on 3,4-anhydromethylalloside. 


3HOCH, 


0 


> 

HC^ 

I 

HCOH 


-CHOCH, 


NH, 0 


HCOH 

1 

NH,CH 

1 

HCOH 


-CHOCH, 


NH, 0 


HCOH 

I 

HCs 

1 

HC 


rCv 

.i> 


An interesting peculiarity of epiglucosamine is the behavior of 
its glycoside on attempted acid hydrolysis. Fischer and co-workers 
eoDsidered the glycoside to be non-bydrolyzablc, even with rather strong 
add, as no redudng sugar was secured. This view was corrected by 
Levene, who showed that the methyl group was split off in the usual 
fadiion, but that the free sugar rmderwent spontaneous loss of water, 
fomdng a non-reducing anhydro sugar in which the amino group was 
retained. The structure of this anhydro amino sugar has not been 
ehiddated. 

By the action of ammonia on 3-t<wyldiacetonegluco8e, Freudenberg ** 
obtained a S-aminohexose which was not identical with epiglucosamine. 
H«re the reaction appears to be confined to carbon atom three, with 
no anhydro formatian, and the only uncertainty concerns the occur- 
rmce or nonK>cearfenoe of Waltfon inverdoa In the former case the 
IffOdoct would be 3-aminoalloee, and in the latter 3-amino^ucoee. 
Although indirect evidence su^ested that the former was the correct 
omi^ur&tion, the most reomt opinion is that it is more probably 
S-amim^ieosB. 

Two fi^mfoohexoses have also been synthetically prepared: those of 
idttoeee andollalaotose. Th^ result upon treatment of ^e 6-halogeno- 
or Ootoe^UMOcdse (t»oa% an acetone derivative or the glycoside) with 
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Bmmcaua.^ Since in this series the reaction is confined to a non«as3rm> 
metric carbon toere is no possibility of Walden inverrion and toe ooor 
figuration of these sugars can be stated with c^lainty. 

Brief mention may be made in this connection of lactc^arin, which 
is one of the components of the vitamin 6 complex. This interesring 
substance has been shown to be a derivative of l-amino-d>ribitol and 
not only has it been syntheazed but so have several isomeric derivatives. 
In the flavin the amino group of the sugar forms a part of an isoalloxazin 
nucleus. It has been found that substitution of d- or I-arabinose for 
d-ribose reduces the biological activity, while the d-xylo derivative is 
inactive. 

Before leaving the amino sugars it is necessary to mention one of 
their most interesting reactions, that with nitrous acid. In one of the 
examples cited above, treatment with nitrous acid produced the usual 
conversion of an amino to a hydroxyl group, and a hexose resulted. 
This is not generally true, however; more often there is a simultaneous 
loss of water and anhydro sugars are formed. These products will be 
more fully discussed in a later section devoted to the anhydro sugars. 

DERIVED SUGARS 

From the amino sugars attention may be turned to a group of sub- 
stances which are important for their chemical as well as for their bio- 
logical associations. Th^ are derived from the monoses by removal 
of the elements of water, or an oxygen atom, or both water and an 
oxygen atom. Their relationships may be indicated as follows: 

Formed from Monobxb Ethtuenic Linkaob 

Product bt Elimination of in Product 

Anhydro sugars H — OH None 

• Glyooseens H — OH One 

Glycab HO— OH One 

Desoxy sugars O None 

Anhydro Sugars. The anhydro sugars, as indicated above, may 
be considered as being derived from the monoses by elimination of toe 
elements of water. 

CsHxiOg — HjO — *■ CgHioOs 

However, in the reaction an internal ether is formed, and this new ring 
might be, a priori, between any two carbon atoms. Actually a great 
variety of anhydro rings have been reported, covering all toe possible 
forms from ethylene oxide to hexylene oxide. 

*> Fischer and Each. Rer.. 44. 132 (1911) ; Ohb and ▼. Vargdu, Cl, 1207 (1028). 
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^ the eaMt aeties the 1,3-at^yilso derivetives have beoa 

l^hrau the name a-fs^yvoeaxia by Fietet," who prepaaed them hjr 
heating the sugats nndar reduced pressure to eliminate the elements of 
water. They were reported by them wodeers as being reasonably stable, 
ami ocn}ld in faet be oryatalli^ from methyl alcdiol. A reaction which 
waa elahtmd to prove their structure was the addition of methyl iodide 
to form substances whi<h were apparently 2-iodomethylgIycoaide8. 

Dmivativee of thra ethylene oxide type are presumably the interme- 
diates in the oxidation of glycals (see below) by peracids. When ghical is 
treated with moist perbensoic add the major product is matmose; with 
dry perbenzcHC add followed by methyl alcohol the product is largely a 
methylmannoaide. The reactions are presumably the following: 


0 CH 


0 CH'^ 

1 I 


Vi 


n 


HOH 


CHjOHN 


CHOH 


HOCH, 


r1 

0 CHOH 


In view of these results, the relative non-reactivity of the o-glycosans 
described by Pictet is surprising. Brigl,*’ however, has synthesized an 
acetyl d^vative in the following maimer: 


r— CHOCOCH, f— 


O tljflOOOCHi 
* ^OOOCH, 


S’OIuOOM 

i nwta i cintiit * 


PCI. 


0 iHOCOCCJ, 
* iHOCOCH, 


a-TrinhIoK>*oetyl- 
tiuoeul- 
l.ehloro(rua 


NH, 


n HCl 
HOH 


NH, 


ii 


n> 


HOCOCH, 


Triacetyl'l-ehloro- 

IpluooM 




HOCOCH, 


TriAcetyl*! ,2-aahy> 
drokexoaa 


llus derivative exhibits the expected reactivity, the anhydro ring being 
r^alUy opened by various; reagents, such as methyl alcohol and acetic 
anhydride. To explain the difference in reactivity between this sub- 
stance and Ketet’s ce-giuoosan, it has been assumed that the latter is 1,2- 
ffnhy drpglucoHe and that Biigl's compound and the glucal intermediate 
are l,2einhydit«naimoee. 

tile ether possible ethylene oxide derivatives, djd-anhydro- 
U«»EHMeetaii^d’'icoBe is tiie best known, bdng easily laepared from the 

» Keiet aad OmWo, C%tm. .Acta, S, M6 (1^ ; Comra. rmd., 171, 343 (193d. 

« Z. lAanot, US, 1 (1931). 
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6-t(^yl derivative by careful txeatmeat with sodkun metlMxxide. The 
ring is a little more difficult to open than that in the l,3*«iihydro com* 
pound (of Brigl), but additions may be effected without mu^ trouble. 
B-Methylglucose is formed with sodimn methoxide, frmninoglucose 
with ammonia, 6-thiomethylglucose with sodium methyl mCTcaptan 
(CHsSNa), and apparently two substances with aoetobromoglucose. 

These reactions may be indicated as follows: 


CHOH 

I 

CHiOCH, 


CHOH 

I 

CH^CH, 


CHGl* 

1 

CHjBt 



,-CHO. 

^(CH,), 


0 


CHOH 

1 

CHjNH, 


CHO 

I 

CH 

L-CH 

1 

CHGl* 

CH,— 


0 


A fact of considerable theoretical importance is that the 5,6-anhydro- 
glucose derivative, on alkaljne hydrolysis,** gives a mixture of glucose 
and idose, but on acid hydrolysis only glucose. In this connection may 
be mentioned the interesting observations of Levene and WaJti, who 
foimd that acid hydrolysis of optically active propylene oxide gave on 
excess of one optical isomer, but that on alkaline hydrolysis the opposite 
form predominated. 

A further series of ethylene oxide sugars are the 2,3-anhydro sugars 
which have already been discussed under the 2- and S^mino sugars, 
for which they act as intermediates. Robertson ® found that appropriate 
derivatives of 2-tosyIglucose could be converted to a 2,3-anhydroman». 
noside and of 3-to8ylglucose to the 2,3-anhydroallo8ide, the reaction in 

* “01” la uaed Itere as an abtxeriation for tba tetraacetylllwMW radical, and ”BtQl” 
for aoetobromoElucose. 

» Ohle and von Vargba, Ber., SI, 2426 (IKSS). 

*• Bobertaon and Qrifiitb. J^. Chem, 1198 ( 1935 ). 
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fittended a Wak!e& inveraaa of the caihon at<as to 
the toeyl reesdue was origmally attached; 


— CHOCH, 1 
1 c 

r" ■ CHOCHi ] 

y T ' ( 

1 CHOCH, 1 

> 1 < 

1 CHOCH, 

5 1 

Hcxyris 

yCR 

HCOH 

HCv 

l> 

H(X 

1 

hoAh 

1 

1 

nsocH 

1 

1 

z-iVmd- 

1 

2,8>A]ihydn>* 

1 

3-To«yl- 

l^osonde 

1 

2,3-Anli3rdro« 

alloaide 


The rule, stated by Ohle and Schultz '<* and substantiated by the 
work of MOller,*^ is that ethylene oxide rings are formed only if the 
hydroxyl and sulfonyl groups are tans. 

Peat and Wiggins, in addition to the above products from the 
3-toeylgluoQside, also obtained a 3,4-anhydroalloside and a 3,6>anhydro- 
gluooGdde. In the former case a Walden inversion has again occurred 
but in the latter it has not. Ohle and Wilcke,*® however, interpret the 
reaction aa taking place in two steps, Walden inversion occurring in 
each step: 


CHjOH 

a-Td(]4^uoo(i4e 


I 

CH^H 

2,3-Aiih7dro- 

illoaiSB 


CHOCHrn 

1 

CHOCH, — 

■l>1 

HC/ 


CHOCH, -n 

1 

HCOH 

1 ( 

) 

I 

HCOH 

1 0 

TISOCH 

1 

1 

CH 

i 

HCOH 

1 

HCOH 

1 

C 

HCOH 

1 

1 

HC 

1 

HC 


HC 


— CH, 

ae-Afihydro- 

(luOOIMS 


Robert^" »• has also described the formation from galactose of two 
2,3-cmhydro compounds, but thdr configurations have not been es- 

tabiu^ied. , , , .j 

AnuingntMily to the addition of ammonia, the ethylene oxide sugars 

react with sodium jnethosdde to form methyl ethers, with anhydrous 
hydrogen chloiide to give chloro sugars, or with aqueous alkali to in^ 
dace hydrosyl For example the conveiwon of glucose to ^lao- 

toee, auggeetod by Holfinflon (p. 1608) as perhaps occurriig en^cally 
throat an intermediate ester, has actually been accompMed. 

of 2,8^fibMitoyM4oayl-'64riphcoylmethyiglu<x^ with alkaU gives 

and Sehulti, Ber., Tl, 230S (1888)> 

» UtSOar. M^ea, aad Vwaw, B«r., ft. 74S (ISSQ). 
attend Wikte, |lir^ tt,381« (!«»)• 
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a S,4>-ai)byciro dmvativ?, and thia on acid hydrdy^ ^ives a 
d-giuoose and d-galactose.** In similar fashion mCHmacetone-S^tosyl- 
fmctopyranose can be converted to a 3,4-anhydro derivative which with 
sodium methoxide gives d-sorbose, or with sodium hydroxide, a mixture 
of d-sorbose and d*fructose. 

Of the propylene oxide anhydro sugars only two have been described. 
One of these is 2,4-anhydrogluco8e, formed by a complex reaction on 
treatment of l,6-anhydrogluco8e with concentrated hydrochloric arid, 
and the other is monoaoetone-3,5-anhydroxyl(»e, formed from mono- 
acetone-6-to^lxylose with sodium methoxide. 


-CH- 


HCOH 

I 

O HOCH 

I 

HCOH 

I 

HC 




0 


CHO 

I 

HOCH >0 

rV 

I 

HCOH 

I 

CHsOH 



l.C-AnbydroilucoM i.t-Anhydrogluooae MonDaoetoae-S- 

toByliylow 


Monokcetone.3.5' 

sjohydroxyloM 


In each of these the ring is relatively unstable; the first can hydro- 
lyzed with dilute acid to glucose, while the second adds soihum me- 
thoxide or sodium methyl mercaptan to form 5-methyl- and 5-thiomethyl- 

monoacetonexylose, respectively. u o 

The most stable anhydro rings are the bvlykne oxide type, the 2,5- 
and the 3,6-anhydro sugars in the hexose series. As previously naeit- 
tioned, these result on treatment with nitrous acid of the 2- and 3-anmo- 
hexoses, elimination of water being spontaneous. It has been by 

Levene that the substance thus formed from epicbitosamme Js 2,5-an- 
hydroglucose whereas that from chitosamine is 2 , 5 -anhydromanMse. 
This proof consists in an experimental determination of confi^rataon, 
entirely analogous to that used for the monoses themselves, and mvolves 
no considerations of Walden inversion- 

In addition to this method of formation, the 3,6-anhydro compound 
have also been secured by removing the elements of hydrogen bromide 
from the methyl-6-bromoglycosideB by treatment with alkali. In the 
case of gjucose the product thus prepared is not identical with ttot 
tained by deaminizing ejMglucosamine, but appears rather to be eiHr 
meric. 

•• Oldbttta ud Robertawi* J • Chem* Soc*^ dS6 (1986)* 



3,G>4tiih3njro|^ooae8 has been li^nlidyaed by ijilute swb, 
heasig i«gini{erated, but Ibe 3,5-<inhydro nogs are Bo stable that 

1^ 1 1 I* Si_l. -^1 




A substaaoe vvbich may be coBsidered as being both a butylene and an 
amylme oxide is the extremely interesting compound pr^red by Hen 
and N^imann.** Utey treated 2^,&-trimeth3d4-tosyl|^uoo3e with 
aUctdi, the toesd i^oup was eliminated, and a l,4^hjrdio compound 
lesuited. ^noe the oti^al 1,5-ring is letdbed, the product is simul- 
taneotudy a furanose and a p 3 rracose. Interestingly, on treatment with 
hydrolnt>mic acid, the rings are cqsened, the methyl groups are split 
off, and there is a simultaneous Walden inversion on the ^tb carbon, 
giving rise to 1-idose. 



CHO 

1 

HCOMe 

I 

MeOCH 

I 

Hcons 

I 

HCOH 



CHO 

I 

HCOH 

1 

HOCH 

I 

HCOH 

I 

HOCH 


CHjOH CHiOMe 

amneon 


CHjOMe CH,OH 

Mdan 


The best known of the 1,6-anhydrohexoses is the levogiucosan ** of 
Pictet, prq)ared by destructive distihation of starch or other polysao- 
charides under reduced pressure. The compounds belonging to this 
aeries may also be prepared synthetically •* by adding trimethylamine 
to the aoetobromo derivative and then hydrolysing with dkidi, whereby 
the acetyl groups and the trimethylanunonium group are split off and 
the 1,6-anhydFo derivative is secured. 



«H«w aad Vmmian. Bn-., <B, ISSO (1938) ; n. 1S7 (1980). 

t, 87 (1918) ; PietM sad Cbumt, MO 

(193p). 8m, slw. Tianlt. SiM. toe. eUm.. (3] 11, 049 (1894) and Vonaariohtaa and 
B»., M, S41 (1000). 

•• Bn-., M, 087 (1980) : Xamr and SinlnHff. Bala. CUaa. .data.. 4, 817 (1931). 
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Opening of the 1,6-ring may be effected by 'mioita xeagenta, for 
example by acetyl bromide, producing triaoetyl-l,6KiibromogIucoa^ 
which in turn may be converted to the glycoade for use in varioua 
aynthraes. 



l,6-A]ibydro(luooM TrUcetyl'l«&> TrUoetyl'64>TGOio- 

dihroinoclucoae ^mathjiglyooaidd 


6 l 3 ^seeo.s. The glycoseene differ from the anhydro sugars in that 
a double bond is formed during the elimination of the elements of water 
from the aldoses. The two best-known types are those with the double 
bond between carbons one and two, or between carbons five and six. 
The 1 ,2-glycoseens are prepared ” by reacting the acetobromo sugar (I) 
with diethylamine, whereby hydrogen bromide is eliminated and tetra- 
acetyl-l,2-glycoseen (II) is formed. 


CHBr I— CH 

I II 

CHOAc COAc 

I I 


0 CHOAc -» O CHOAo -♦ 






CHiOAo CHiOAo CHiOH CHjOH 
I II m IV 

This will be seen to be the acetate of an enoliz^ l,5-anhy^x>-2' 
ketohexose (III) and might be expected to revert to the keto form (IV) 
on deacetylation. Actually, on attempted deaoetylation no definite 
substance has been secured, and reaoetylation of the product thus o 1 >> 
tained does not give the original acetyl^uooseen. With {dienyU^dra- 
sine, however, the product is apparently 

I ' ■ ■ ' ' O— ' - " ' — I 

CHiC(— NNHC«H*)C(— NNHC«H,)CHOHCHCH*aB 
n Msuiw and Mahn. Sir., SO, UlS (IKiT) ; Msnzvr. Bmr.. tt, 833 {WSi. 
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uteh Is tbs ^‘osasooe" of IV.** It is of interest that taieatmmt d 
tdaea&oetyl-l,2^uo08een 'mth excess sJkali, and back titration 't^th 
fimif as in an acetyl determination, uses five and not four equivalents 
d alkali. 

Tetraacetyi-l,2-gluco8een reacts vnth chlorine, giving a crystalline 
<»>nipound which decomposes spontaneously. However, the chlorine 
may be temoved by immediate hydrolysis with moist alver carbonate 
and thme then results the acetate of {d^cosone hydrate.'* 
r— CH r-CHa r-CHOH 

1 11 I 1 /Cl 11 /OH 

0 COAc -► O C< -*0 C( 

I 1 1 N)Ac I N)Ao 

CHOAc CHOAc CHOAo 

1 11 I 1 


This acetate is readily converted with acetic anhydride and pyridine 
to diaoetylkojic acid. Owing to loss of configuration this same product 
may be similarly prepared from tetraa cetyl- 1,2-galactoseen (through 
galactoscme hydrate). 


CHOH- 

I 


OAc 


AcOCH 


HCOAc 
1 


HC- 


1 CH 

11 

CHOH 

1 /OH 

COAc 

1 

?\OAc 

o-*co c 
1 

) ♦- AcOCH 0 
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HC 


CHjOAc 

Boe( 
hy 


XetnBoetyl^seoMm 
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CHjOAc 

Diaoctylkoiio 

MU 


I 

CHjOAc 

TetrssoetylcaUotoeoua 

bydraU 


Kojic add is of biological interest as it is formed in appreciable amounts 
by the action of many molds not only upon hexoses but also upon pen- 
toses, trioses, glycerol, and other substances. 

Tetraaoetyl-l,2-gluco8een has been used by Zervas to establish the 
atractore of styrac^l. Hydrogenation of the glucoseen, using a pal- 
ladium <»tBlyBt, and hydrolysis of the resultant tetraacetyl derivative 
produced styfacitol which was therefore assumed ** to be 1,5-anhydro- 
scnbitcd. fik^wever, the configuration of carbon atom two is not es- 
tabBshed this syntheds, and later evidence ** indicates styradtol 


to 


M-- 


**iSWinMin and Zems. Ber.. 6*. 1434, 2032 

W P«u«r, U, (1930) ; Maui«r sad MOUer, Bcr., M, 9060 (1030). 

mUrvaa. Ser,, «, 1688 (1930). 

*lTi«(iide&bets and Movt*, /. Ant. Chem. 8oe., M, 1002 (1937). 

** Xftnmm ami PaiMMtWtriaee, Ber^ 73, 174 (1040). 
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CHOAc 
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CH 
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CHjOAc 
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Tetnaeatyl-l,2-(liuawai Dihydrotetnaoetylglucoaeflo 
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CHOH 
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CHOH 

^9 I 

CHOH 
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L-CH 
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CHjOH 
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Related to 1,2-glucoseen is 5,6-glucoseen. This is most easily pre- 
pared by reacting the 6-bromo or 6-iodo compound with silver fluoride 
in pyridine solution although it is also one of the products of the reaction 
of 6-tosylt8odiacetonegluco8e and alcoholic ammonia." 
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Like the 1,2-glucoseen it may be considered to be an enol, stabiliaed 
by the internal ether ring. Upon acid hydrolysis the ring is destroyed 
and the product ketonizes, giving a 6-keto-6-desoxyhexose, isorham- 
nonose. Similarly, diacetone-5,6-galactoseen on acid hydrolysis gives 
the isomeric fuconose." 
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Hdferioh and Himmen. Btr., 61, 1825 (1928) ; Ohle and Var{d>a, Ber., 61, 2625 
(1929). 

** Helferich and Himmen, Ber., 61, 8136 (1929) ; Ohle and Deplaaque, Sar^ 66, 12 
(1933). 
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In addition to the intrinsic interest of a reaction of this type, a further 
EOgnifieanoe attaches to it in connection with the alkaline rearrangements 
which will be considered later and which involve internal oxidations 
and reductions. It was also recently suggested " that this reaction 
might be used to distinguish between furanohexosides and pyrano- 
hexosideB as the former should give a keto compound immediately 
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wdiereas the latt^ could do so only aftm* hydrolysis, as indicated above. 
Experimentally, however, it was found that appropriate furanosides 
of both mannitol and glucose ** failed to react with silver fluoride in 
pyridine, and no further evidence along this line has been obtained. 

A final reaction of 5,6-gluco6een which may be noted is its oxidation 
with lead tetraacetate to a derivative which hydrolyses in water and 
giives a fi-ketohexose: 
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• Mfiiter. W. 1061 (1032). 

* BaUttleh amd Biitiow, Z. pAytM. Chem^ MO, 263 (1081). 
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Evideace for tlie ocmfiguraticm ctf styradtoi was obtained ^ by its 
convereioa to what might be considered a 5,6-glyG08eeii. Styracitd was 
converted, throu^di the to(^l compound, to the tribensoylrd-iodo detiva- 
tive. This was unsaturated with diva fluoride in pyridine, and Uie 
resultant product was oxidized with lead tetraacetate, anak^usly to 
the reactions above. Hydrolysis with sodium methoxide yielded d4rae- 
tose, isolated as the osazone. This establishes the oonfiguratkai of 
styracitol as being that of mannose rather than of glucose. 
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In addition to the 1,2- and 5,6-glycoseens, one example of the S,4- 
glycoseens has been described. This was formed as a by-product in the 
reaction of 3-tosyldiaoetoneglucose with hydrazine. Although its struc- 
ture has not been confirmed, it appears to be diacetone-3, 4-glucoseen, 
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#K» an addiijonai example of this intetestang group of sub- 


6^rcils. The glycals are unsaturated derivativeg, formed by le- 
ductioa ot the aeetobromo cmnpounds with amc in acetic acid, followed 
by hy^y^ of the acetyl groups.** They differ from the parent 
aldose in having lost an oxygen atom and the elements of water, while 
a double bond has appeared. 
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With glucose, it has been shown that this series of changes is unaccom- 
pamed by a shift in ring,** for methylation of glucal, oxidation with 
perbenzoic add, further methylation, and hydrolysis give ordinary 
tetramethylglucopyranose (p. 1555). 
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The oxidation of the glycals with perbenzoic acid is one of the most 
interesting reacUona of this group of compounds. Apparently a mix- 
ture of the two ^punen ia invariably formed: 
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^CiKilicr, &r., 4T, 196 (1914) ; Bergmsnn usd Sdiotite. Ber., 84 , 440 (1921) ; Barsmaim 
aad%niSMdw«, 9^ 2m (im). 

• 1^ md Wodlvin; /. CAm. 8oe., ll81 (IfBl). 
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but tbe propOTtions of the two may vaiy widely,*^ and ^ condition- 
ing factors are not well understood. Thus with ^cal and rhamnal, the 
products are almost exclusively mannose and rhamnose, wherms with 
galactal, although talose predominates, much galactose is fonned. 
Moreover, substitution of ^ucal in position three may change the pro- 
portions enormoudy, for the glucose derivative predominates on Dila- 
tion of triacetylglucal and 3-methyIglucal, and trimethy^lucose is the 
principal or perhaps only product from trimethylglucal. 

The mechanism of this oxidation with perbenzoic acid has not been 
fully established. As mentioned, the oxidation of glucal in the presence 
of moisture leads to the production of mannose. In the absence of 
moisture, however, if the intermediate product is treated with methyl 
alcohol, a-methylmannoside is formed, and in siinilm: fashion o-methyl- 
rhamnoside is formed from rhamnal. This indicates the intermediate 
occurrence of a 1,2-anhydro sugar, but isolation of a compound of this 
nature from the reaction mixture has not yet been achieved. 



It might be expected that triacetylglucal (I) with perbenzoic add 
would give a compound identical with that (II) prepared by Brigl (see 
1,2-anhydro sugars, p. 1618). 
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Interestingly, however, the major substance which is isolated from this 
oxidation is l-benzoyl-3,4,6-triacetyl^uco8e (III), althou^ other glu- 
cose and mannose derivatives are simultaneously formed. 

** Bergmann and Schotte, JScr., 54 , 440 (1021) ; Tanaka, BulL Ck«m. 5 m. 

5, 214 (1930) ; L«vene and Rayinond, J. Biol. Cltmn., SB, 513 (1030) ; Hint and Woolvin. 
J. ChMi, Soe,, 1181 (1031) ; Levene and Tipaqm, J. Biol. Chem., 98, S81 (1031). 
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lO^har raaetkoB of the e^eals he^n to do -with their isomeiisBtioQ. 
HtuS when tmoetjri^oal is boiled with water, diaoetjdfjseaeloi^ea! 
is formed, and this, on hydrolysis with barium hy^mdde solution, by an 
^borate rearrangenoent gives iao^eal, and in lesser amo\int, pro- 
to^ucal.*^ 
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Frotoglucal reduces Fehling’s solution, and its presence in traces is 
probably responable for the ori^nal erroneous report that glucal is a 
redudng substance. 

The glycals may be oxidized by ozone to give the corresponding 
aldose of one less earbon atom, which incidentally proves the position 
of the double bond, or they may be hydrogenated to the hydroglycals. 
Eblogens may be added to triaoetylglucal to give a mixture of two 
epimeric aoetohalogeno>2-halogenohezo8es which have proved useful 
fesr certain syutheses. 
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The addition |»oduct with hydrogen br(nnide appears to have the 
tenoiae in the 2>^oCBtion instead of in llie l-position." 

** Bwgttum sad Krvadatiberg, B*r., S4, 168 (1981). 

•* Tiwdiw. Boinwin, aad Sefaotte. Btr^ n, 617 (1980). 
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This is unfortunate as otherwise the acetobromo derivatives of the 
2-de80xy sugars would be easily available, and ^ould prove useful for 
synthetic work. 

Desoxy Sugars. This series owes its name to the fact tlmt one or 
more CHOH groups have been deprived of an oxygen atom and con- 
verted into CHa. Desoxy sugars from several natural sources have 
been described; of the 2-desoxy sugars, the only one which occurs natu- 
rally is 2-de80xyribose (arabinose), which has been shown to be the 
sugar component of thymus nucleic acid. The synthetic preparation of 
the series has been achieved from the glycals in two ways. In one of 
these the 2-halogenoaldoeea described above are reduced, and in ^e 
other water is added directly to the glycal, usually with sulfuric arid 
as catalyst, as indicated; ** 



An interesting method for preparing the 2-de8oxyglucomc acids is 
by means of an intramolecular oxidation and reduction which occurs 
when 2-chloroglucose (triacetyl- or trimethyl-) is heated with lead 
hydroxide: ** 

Pb(OH)i 

RCHClCHO -■ - ■ > RCHsCOOH 

Triwsetyl«2>chlorog]ucoee S-Dwosygluconie Mad 


A characteristic of the 2-de80xy sugars is their great reactivity. 
The pyranosides in this series, for example, are sometimes formed or 
hydrolyzed as rapidly as the furanosides of the ordinary sugars. Thus 
far only one 1-bromo derivative has been prepared. The ready forma- 
tion of levulinio acid from the 2-deeoxypentoses on treatment with arid 
will be discussed later (p. 1638). 

A ringle S-desoxy sugar has been described as resuMng from the 

** Bercmum, Sehotte, and Laschinilor, Bar., B6, 1052 (1923} ; Q^iriw and Aiehamr. 
Btr., M, 918 (1927) ; Levene and Mori, J. Biol. Chtm., 8S, 803 (1929) ; Levane, Mikeriw, 
and Mori, ibid., 8S, 783 (1930). 

M Danilov and Oakhokidse, J. Gtn. Ckm. {VBMJt.), 6, 704 (1836). 
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CsH^jrtie redactkm d diacetone>3,4-gluco8een, bat these stractoies ha^^ 
IK>t been well authenticate. 
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A further series of sugars very widely distributed in nature are the 
methyloaes in which the terminal group is the desoxy. Although much 
work has been done in this series, it seems sufficient to indicate the syn- 
thetic method of their preparation, which is the reduction of a halogen 
attached to the terminal carbon. This is conveniently the iodide, in- 
troduced by repladi^ the tosyl group, although other halogens have 
been similarly reduced. 

As a typical example of a synthesis in this series the preparation of 
((•zylometbylose " may be cited: 
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It pofitnble, of course, to hare more than one carbon as a desosEj 
group, and the hydrogenation products of the ^ycals afford examfdei 
of this type of compound. Thus dihydroglucal is really 2-de8oxyBtyraci 
tol, and dihydropseudoglucal is 2,3-bisdesoxyg^ucose. 



CH2OH CHjOH CHjOAc CHaOAc 

Qlucal 4 2‘D«Mxy- Diaoetyl- DiaoetyU 

styrftcitol paeudoglueal 2,3<lttMle»oxy^tiooM 

The naturally occurring digitoxose is, in fact, a bisdesoxy sugar 

2- desoxyallomethyloBe (or 2,6-bisdesoxyallose), and C 3 unarose is iti 

3- methyl ether.®* Sarmentose and digitalose are another pair which occm 
as components of the cardiac glycosides. 

Ascorbic Acid — ^Vitamin C. The rapid and successful solution o 
the ascorbic acid problem, both as to structure and synthesis, constitute) 
one of the major achievements in the field of sugar chemistry, and 01 
this accoimt is deserving of special consideration. Inclusion at thi 
point is justified by the fact that the vitamin is an unsatuiated sugai 
derivative, and because the problems connected with it give valuabh 
information in the field of these unsaturated derivatives. 

Szent-Gyfirgyi had isolated from a number of vegetable and plam 
sources, as well as from suprarenal cortex, a “hexuronic acid," whicl 
he considered to be associated with respiratory processes. Moreover 
he had pointed out that the distribution of this substance parallelet 
that of vitamin C. Although ^va claimed that there was no constant 
relationship between the antisrorbutic activity and the reducing prop 
erty which was a characteristic of Szent-Gybrgyi’s add, this claim wai 
disputed some years later by Tillmans and co-workers, who found tha 
such a relationship did in fact exist. Szent-Gyorgyi and his co-woiker 
next demonstrated for their crystalline material a definite antisoorbutii 
activity, and King with his collaborators independently and sunultane 
ously described a crystalline vitamin C preparation whidi had all 
phydeal and chemical properties of the “hexuronic add.”*^ Afte 

** Wlndsua and Eamanna, M, B03 (1916) ; Eldeifictd. /. BM. Ckmu, 111, 
(1986). 

** For laviow of literature aee Annuof Rnim of Bioch*mi»ilrti, Stanford tToivereitv Plia 
Stanford Univereity, Calif. (1984), Vol. II, eliapter on vitamina. 
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y«alii»L was finally al^ to seouxe rdatively laigf 

aacKJonts of the add from Huni^rian paprika, and it ams thus made 


a'TOilable for study. Intcaadve investigatioQs were simultaaeousl} 
undertaken in a number d laboratories, and in a surprisingly short 
time the satire problem was solved. 


"Hexuronio add,” or ascorbic add as it was soon called, behavet 
ehemically like an unsaturated monobasic add. It has the empirical 
formula CeHaOe and contains ona double bond. It gives a dimethyl 
dmvative witii diaromethane, which is a spedfic reagent for methylatior 
of addic hydrogens. These facts are all adequately explained on the 
basis of the earlier fonnulas, given below, in which one of the addic 


hydrogens is that of the carboxyl group and the other is that of the 


tautmnerie hydroxyl: 
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Hirst, however, made the significant observation that the dimetby 
derivative dissolved in alkali without splitting off a methyl group,*' anc 
was thiu led to the formula which is now accepted as correct: 
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CHyOH 

Afoorbte told 

The GOQfi||tttion was deduced firom that of the oxidation product ol 
ascorbic wbich was shown to be 2,3-diketo4.galonic add, as weU at 
firam tbiSot that osmiisation of ascorine add and of its methyl deriva- 
WSM. Chmktrv 4t J«Mrv, 0. 221 a«Sa. 
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tiviM gave Z-ilireoiue acid and its methyl ethers. On &e twsia ef thiif 
fomula, ascorbic “acid" is a hi^dy stable ioctone, arfaich owes its 
aokUe properties entirely to an enolieed keto group. It is of interest 
that, whereas ozonization of tetramethylasoorbic acid, prepared by 
furtha* methylation of crude dimethylascorbic add, givea a tnia tirre ci 
3,4-dixnetbyl-l-threonic add and the epimeric 3,4rdim£tfayl4<«rytbzonie 
add, if the dimethyl derivative is first isolated in crystalline form and 
then further methylated and ozonised, only the threonic derivative is 
secured. This is apparently due to further tautomeiizations involving 
the fourth carbon atom. 

That the formula above was in fact correct was soon confirmed by 
a series of brilliant syntheses, of which the first was that of Reichstein, 
GrOssner, and Oppenauer.** These authors started with the osone of 
d-xylose, and by addition of hydrogen cyanide, followed by hydrolysis, 
effected the synthesis of the enantiomorphic d-ascorbic add. This 
method was then utilized by Haworth and co-workers,*® who started 
with l-xylose and with somewhat modified procedure effected the synr 
thesis of the naturally occurring 1-ascorbic add. Further studies on this 
method have revealed that the mechanism is apparently rather com- 
plex, the changes probably being as follows: 
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The first intermediate isolated is the ciystalline cyclic hnino com- 
pound (111), and this, on treatment with add, passes smoothly into the 
ascorbic acid (IV). This type of syntliesis is general, and a number ai 
isomeric “ascorbic adds’’ have been prepared in this manner. 

The second important method of synthesis of ascorbic add is also 
due to Reichstein," who found that f-sorbose (prepared from d-eorbitd 
by the action of Acetobacter xylinum; and the d-sorbitol from d-^ucose 
by catal}rtic reduction) forms a 2,3,4,6-diacetone dmivative wbidh on 

** n^duteia, OfUwnar, and Oppanauar, Bala. Ctmn. Ada, 1C, 561, 1019 (1033) ; 17, 
SIO (1034). Sea, alao, Eaworth at ol., /. Cham. Soe., 1410 (1933) ; 62, 1192 (1^4). 

** Aidt a( ai., J. Cham. &>e.^ 1419 (1938). 

N Raicliateiii &nd QrOasner, Bela. Chim. Ada, VI, 311 (1934). 
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{flddat&m yields diaoeUme-2^eto4>gu}onic add. Bemoval of 
tbe aoetcme groups by add hydrolysis gives the free aeid, and this (m 
heati:^ vnth water is trandcuoned into ascorbic add. A scmiewhat 
better prcperatioa consists in converting the free add into its methyl 
ester and heating tins with sodium methoxide in methyl alcohol, whereby 
the sodium salt of {•ascorbic add is secured. 
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The 24ceto4^galonie add, which is an intermediate in this synthesis, 
was obtained more easily by Haworth,** who has found that direct oxi- 
dation of ketos^ with nitric add leads to preferential oxidation of the 
primary alcoholic group adjacent to the keto group. In this manner 
aseorlnc add was easily prepared from {nsorbose, and d-araboasoorbic 
add (die nomendatuze refers the ascorbic add to the parent aldose of 
(me ^ caziKHt) from d-fructose. 

A ddfeiont method of synthesis is due to Helferich and 

Feten.** |pimr ildoees or acetylated (yanobydrins may be employed, 

*■ HaWMili, Nabir*, IM, 734 (1934) ; Bril. A$»oe. Admneeamt Sei. Bepi,, 395 (1934) 
«*IUtf«tlefa and FMan, JBw’.. T9. 406 (1937). 
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and are treated with glyoxylie eatens in aOcaline solution. The 
method is novel in that the sugar chain is increased by two caihons: 
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A series of synthetic analogs has been obtained by these methods, 
and their physiological activity has been examined. Those prepared 
include the only possible four-carbon analog, one of the two possible 
five-carbon forms, aD four of the possible six-carbon acids, and three of 
the eight possible seven-carbon acids. Many other analogs have been 
synthefflzed in an effort to correlate structure and biological activity. Of 
those above, the synthetic i-ascorbic acid has the same activity as the 
natural substance, as has its primary oxidation product; d-araboaseorbic 
acid has a slight activity, and none of the others may be regarded as 
possessing any antiscorbutic activity: the fi-desoxy derivatives show 
appreciable activity, however. The generalization, made simultane- 
ously by Reichstein and by Haworth,** is that for antiscorbutic activity 
the fourth carbon atom must be of the d-series. It is of some interest 
that the imino compound (III), though closely related to ascorbic acid 
chemically, is without activity. 

Of further importance in this fascinating field are the interesting 
substances reductone and reductic add.** 


CHOH=COHCHO 


Bedoctone 



CHjCH, 

BMuotio add 


The first of these is the enol of hydroxymethylglyoxal, formed by action 
of alkali on various carbohydrates; the second is formed by action of 
dilute sulfuric acid at high temperatures. Both are characterised by 
the same ^stem of enediols as that in ascorbic add, and like ascorbic 
add both reduce the characterizing indicator, dichbrophenolindo- 

** Baidbstmn, Mature, 1S4, 724 (1934) ; Haworth, ibid., and BrU. Aaiee. A t h an emtHt 
Sei. Bept.. 296 (1034). 

** Norrish and Griffiths, J. Chem. 5oe., 2837 (1928) ; von Eutor a&d Marttua, Sttntk 
Ktm. TiA., 48, 78 (1983) ; Beichstein and Oppsaaner, Hsb. Chim. Aeta, M, OSS (1033). 
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^mcA. Vntb adc^ii<»iai knowledge it may be fooiid tiiat sabataatiea 
of tbk oatoie are of major importance in tiie chemical aa well as in the 
Indogical degradations and transfonnatimis of the sugars. 
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Add Rearrangements. The mechanism of the reactions whereby 
the sugars are rearranged or are broken down into smaller fragments is 
of the greatest interest both chemicaDy and biologically. It has, how- 
ever, been the subject of so much research that only a brief outline of 
tiie condusions is possible here. The simplest types of changes are 
effected by add treatment, and the effect ranges from almost nothing 
with weak adds, to complex changes, eventuating in the formation of 
humic substances, with hot concentrated a dds. Between these extremes 
lie simple conversions, produced by acids of intermediate concentration, 
such as the production of furfural from pentoses and the analogous pro- 
duction of methylfurfural from methylpentoses, and hydroxymethyl- 
furfural and levulinic acid from hexoses: 
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It wfll'Se chanrved ihat, with tiie exception of levulinic add, all 
pgmdaets may be eonddered as being formed in identimil fashion by 
ahatraction of three moleeulai of water. Levulinic add zesulto on 
tmtmenf of 2‘deKixypmtQses as well as of hexoses, and this 
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WM for & long time respoomble for the beHef that the oogar 
tibe thymus nudeic adds was a hexcse. No very good evideace has 
becm presented to account for the formation of levulinic add, although 
it has be@a diown to result on add treatm^t of hydro 3 iymethylfiuv 
fural« 

CH CH 

il 11 

HOCHr-CH C-CHO -» HCOOH + CH,COCH^H,COOH 

Lerene and Mori have indicated the formation from 2-de80X3rpentoses 
in the following way: 


CHO 

CHO 

1 

CHO 

COOH 

1 

j 

CH, 

1 

CH, 

j 

CHOH 

1 

1 

CH, 

1 

1 

CHOH 

j 

CHOH -» 

1 

CH, -4 

1 

CH, 

1 

CHOH 

1 

iN)h 

1 

CO 

1 

1 

CO 

1 

CHtOH 

CH, 

CH, 

CH, 


without attempting to substantiate this mechanism. 

In connection with the formation of furfural, several observations 
may be mentioned. The first of these is the fact that the fully meth- 
ylated pentoses, whether furanose or pyranose, give furfural on treat- 
ment with strong acid.*'' The yields in general are as high as those 
from the free pentoses and are sometimes higher. Moreover they 
appear to be independent of the furanose or pyranose ring form of the 
methylated sugar. Of interest in the same connection is the formation 
of methoxymethylfurfural from tetramethylfructofuranose. For this 
rearrangement Haworth has suKcsted the following mechanism, which 
assumes the enol as the first step: 


CH^Me 

|-COH 

CHOMe 

0 T 

1 CHOMe 
1 — 

CHtOMe 


CHOMe 

II 

I — C 

I 

CHOMe 

I 

CHOMe 
L-CH 

I 

CHjOMe 


0 


CHO 

I 

rT 

CHOMe 
0 1 
CHOMe 

Uh 

iaJjOMe 


CHO 

I 

r-C 

II 

CH 

1 

CH 


O 


CHiOMe 


MPunmemt Oujwt, end Birkoln, Btr^ W, 480 (1935). 
•* Bott wul Hint, J. Ch*m. Soc., 3021 (1982). 
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. Aflarilw EwmmganeiitB. Toraiz^ frcnn tiie actioo oi acMB 
flOgais to ^t oi olfcaZtes, a mu^ more cimpUcated problem is enooua* 
traed. For a logical treatmeait of the subject tiie effect of alkalies mi^t 
be divided into, first, those changes trhii^ involve reartaag^ent with- 
out q)litting, and, second, the dianges involving scission of the molecule 
into snudler fragments. The first of these classes would include as its 
case the problem of mutarotation or Walden invemon on 
the aldehytfic carbon atom (which has been discussed, p. 1546), then 
epimeriaation or Walden inversion on the carbon adjacent to the alde- 
hydic carbon, next the progressive wandering of the reducing group 
along the carbon chain, and finaQy such complicated rearrangements as 
those involved in saccharinic acid fonnation where branched-chain 
ac^B result. In the second of the above classes would be included the 
formation of aldehydic substances such as formaldehyde, acetaldehyde, 
and methyl^yoxal, adds such as formic, acetic, lactic, and dihydroxy- 
butyric, apd finaUy reduced sdssion products such as alcohol. Unfortu- 
nately, however, in practice it becomes almost impossible to segr^ate 
these problems for separate discussion as each type of reaction is inti- 
mately concerned with each of the others, and deviation from such 
logical presentation becomes almost unavoidable. 

In the study of epimerization, complex side reactions may be avoided 
by working with the sugar adds. By beating them with aqueous pyri- 
dine, apparently only the epimers are formed and the reaction, moreover, 
seems to be reverdble. Both aldonic and saccharic acids exhibit this 
phenomenon as do the fully methylated y- and ^lacton^.** 
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A dmilar simple InverGocm has been observed on treating certain of the 
methylsted sogatn with dilute alkali. 

Not atf resetions this type are so nmple, however, and if the free 

sufSrs are emi^kiyed instead of the adds then the changes usually become 

• IMtar, Bwh ». 799 (t89^ ; Bsworth and taag. J- Chtm. See., 345 (1929) ; Hedm- 
Mlf Md Owteher, Jf» Anu Clum. Soe., 49 , 4^ (1927). 
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mtidi more oomplioated In one of the ample cases, whero ^jroeralde> 
hyde is treated with anhydrous pyridine, a reverable emrvetston to 
dihydroxyacetone has been observed. 

CTOCHOHCH^H ^ CHiOHCOCHjOH 

On treatment of glucose, on the other hand, icith even as mUd a 
reagent as saturated lime water, the first products are apparently man- 
nose and fructose, but if the reaction is allowed to continue then a host 
of other products is formed. The nature of these substances and the 
mechanism of their formation have been extensively investigated, but 
they are still not fully understood. Nef, following Wohl, Lobry de 
Bruyn, and Aiberda van Ekcnstejn, argued for the enol (p. 1584) as 
being the intermediate in the alkaline reactions of the carbohydrates, 
and did extensive research in corroboration of this idea.** This theory 
assumed the enol to be formed by alternate addition and removal of 
the elements of water, the change being considered progressive. 
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This mechanism accounts adequately for the known formation of 
glucose, fructose, and mannose from any one of the three used as start- 
ing material, as well as for the supposed presence of glutose (3-keto- 
hexose) and the kindred products which have been claimed as being 
formed. It may be considered the classical or basic theory of these 
changes. However, when Lewis and his co-workers’* attempted to 
apply this same mechanism in the methylated sugar series they met 
with diflBculty, Working under conditions which led only to the ^pkst 
changes, with little or no saccharinic acid formation, Lewis and Wolfrom 
studied the effect of alkali on tetramethylglucopyranose. True equi- 
librium was apparently established between the glucose and mannose 

•• N*f. Aim»., »8», 191 (loot) ; »7. 214 (1B07) ; 87S. 1 (1910) : tOS, 204 (1914). 

** For tb* lart i>aUie»tioa of tbis lotiM tod for Muiiw iM Ledar witli Xawii, 

J. Am. Chm. Soe., B4, 1040 (lto2). 
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ditivKtivCB, bat obara^ bo ketose f<«inati(»i ami on this bans 
that the Tiemi of Nef and Xx>biy de &ayn ^otUd be replaoed 
the Hmider ocmcept ci enoliaation. Tbna; 
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Tbe dianges predicted for the free sugars would be identical on 
either basis, but in the case of a methylated sugar Lewis considers that 
farther enohsation is blocked by the methyl group, owing to its non* 
molality. It is his view that, on the bads of the Nef theory, water 
would be added, forming a hemiacetal which would readily lose methyl 
alcohol, and that subsequent changes would be similar in character. 

CH(OH), CHOH CH,OH CH,OH 

I -HiO il +HiO 1 /OH I 

CHOMe — ^ COMe — ^ (X CO + MeOH 

I I \\)m I 

Against this it may be argued that this form of writing the reaction 
^Dor« the possibility of a lactol ting, and that if the ring form is conr 
sidered then the postulated removal of the elements of water would give 
riae to tettametl^l-l,2-gluooaeen: 

I 0 1 

CH— (X)MeCHOMeCHOMeCHCH,OMe 

Hus compound has been pr^ared,” and a recent paper shows that 
it is stabte to alkalies, and with adds pves rise to the methyl edier of 
^dKUQmiethylfarfaraL These facts can be construed as additional 
evidence against the Nef mechanism. 

In these stuches on the methylated sugars it was observed that the 
appusmt aH<^ eontoat^ as detmnined by hypoiodite titratbn, increased 
ab^ lOQ plfr emit bat was reduced to normal on addification. This 
was intmpgwi^ Iub provihg that, in the methylated sugars, the assumed 
ettediol basa tangi^ radstmoe and that, by consuming more than one 
atom dt OKj^gen pes mob dorii^ oxidation, it is lespondble for the hif^ 

” W««nm aad KwMi, SI. 2sae (tSST). 
n*lr(ofitrom. WdOMw, hmI MMmU. OH., S4, 3SS (tSd). 
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analytiffial figures, fifimilai’ results wore secured vitii tbe me^ykted 
pentoses, but here further complications arose, as methy^l akxdtel was 
split off and furfural was formed. It was fotmd that the proportion of 
furfural increased with increaang "high iodine” value and also that 
the amount of methyl alcohol split off on addification was about doable 
that liberated in alkaline solution. This led to the formulation of a 
mechanism for the reaction as follows: 
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In this connection may be mentioned Hirst’s observation that, when 
2,3,4-trimethyl- J-xylonolactone was heated with aqueous pyridine in the 
usual fashion in order to produce epimerizstion, the major product of 
the reaction was not the opimeric Isrxonolactone but furancarboxylic 
acid. In t-Hia reaction no acid treatment is required to cause e limin atimi 
of all methyl groups. 

CO CX)OH 

CHOMe C 1 

I 1 « I 

CHOMe O -♦ CH O 

I 1 
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CH, CH > 

In all the investigations of Lewis the conditions, as mentioned above, 
were so chosen as to laid exclusively to the amplest chargee. Evans and 
his collaboratora, on the other hand, have done a vast amount of woA 
under more drastic conditions, leading to more deep-seated changes in 
the molecule.” In these studies, glucose, fructose, and mtmnoee wme 
found to react analogously, and the products were formed in roughty tte 
amounts in each instance. The experiments were therefore int®- 
preted on tiie assumption that the first product is the cammon emff, 

" Fot ff iTB * woent puUiwttoB Md aarikr nfenoeM lee llaiUntt aad Brans, *»i. 
< 0 , mr ( 1938 ). 


o 


COOH 

I 

c 


CH C 

1 

CH 

II 

CH— 



OBOASXO GBEICB3TET 


lndM ibm YButergoes soia8ion or is atteiuied by migraticm of the 
doi^^ b<Hid iaxtber do^m the chain. Thus: 
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Scission of each of these enediols was also assumed, with subsequent 
rearrangement of the fragments. 
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TTie intermediates above are written in the Nef methylenic form 
to suggest their reactive nature, for althou^ rearrangements such as 

CH,OHCOH< CH,COOH 

were assumed, experimentally no acetic add was formed from glycolic 
aldehyde under similar conditions. Glyceraldehyde and dihydroxy- 
acetone, on the other hand, did actually give rise to lactic acid as well 
as to pyruvic aldehyde (isolated as the osazone) although the yields 
were far from quantitative. These last-named substances may be 
included in the above scheme as follows: 
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§», quite obviouuly, may a great number of iotanerio pentoses and 
tdioees. 

In addition %> the studies outlined above, Evans and his odUabora- 
to*ii have extended die inveadgaticma to several other aldoses and 
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difiaecharidra and to hexosediphc^hate. They eonadered that all the 
quantitative lesulta were in accord with the general scheme outlined 
above and substantiated it in all important respects. 

Before leaving the subject it seems well to point out certain less- 
emphasiaed phases of the problem. First of these is the question of 
conversion of aldehydic intermediates into corresponding adds, for 
example, the assumed production of acetic add from acetaldehyde, or 
of formic acid from methylenenol (=CHOH), It is clear that both 
these changes involve an oxidation, which in turn demands intervention 
of atmospheric oxygen or else simultaneous reduction of some other 
product. In either event it would lead to the production of a large series 
of compounds which have been disregarded in the original scheme. It 
would seem necessary to be doubly cautious in considerations involving 
any products which do not have the empirical formula (CH0H)„dbxH20. 
Actually Evans (private communication) has found that in a nitrogen 
atmosphere the peak of formic add formation disappears, and he inclines 
to the view that even more rigorous exclusion of traces of oxygen is 
necessary. 

A second assumption which appears to have been accepted in most 
studies of this sort is that of the reversible nature of the various reactions. 
In dealing with compounds of this type in which the free-energy differ- 
ences are small, it is frequently possible to produce, at will, either 
forward or reverse reactions depending upon concentrations and condi- 
tions. This, in turn, has been taken as indication of true reversible reac- 
tion (in the physicochemical sense), and this has been in fact frequently 
assumed, either explicitly or implicitly.’* It is evident that thermody- 
namic equilibrium demands an identical final composition of the mixture, 
no matter which component is used as starting material, yet in the many 
experiments which have been performed this seems not to be the tend- 
ency. In general the initial component predominates while the other 
products appear to form in almost random ratio. The extenuating 
circumstance in most of these experiments is that saccharinic acids 
frequently form and thus decrea* the alkalinity. Also, as Evans has 
pointed out, other acids may be formed and thus disturb the equilibria. 
The need for many additional data on the subject of true reverability is 
evident. 

The final and perhaps the most important assumption which needs 
scrutiny is that concerning sdssion of the enol forms.’* Ihat ethylenic 
linkages are reasonably susceptible of rupture by oxidants aiq)eat 8 to 
be adequately established, but ^ple hydrolytic scission, such as that 

« N«f. Ann., MS, 206 (1014) ; Kuain, Ber„ «, 1041 (1086). 

** Evana *t at., J. Org. Clkem., 1, 1 (1036) ; Sehmidt, Btr., M. 60 (1036) : Ncalmib Bo*. 
•6,606(1936). 
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ttWined ia tiifiBMdiaiBsmfi above, » (m « imuii has aeean eipasmentel 
t»>nii| It wocdd appear donrable to have more exteoaive data on smpte 
aon<^datrve deavage df eoedit^ b^re aeo^tisg, irithoat leservatitm, 
mecliiunmi baaed on this iype ol reaction. 

Sacdbaoiidc Add Formatioii. It has bear fihown above that the 
ma^SssA effect oi alkali on a sagar is the catalysb of mutarotation, the 
aesct is enol formation and epimeiuataon, vdnle more deq>«eated chst^e^ 
are 'flmae of migiatjon of the double bond and cleavage into onaller 
fragments. Aoe(»npan3ruig these last reactioiffl is still another, that of 
intramoleealar oxidation and reduction (or rearrangement), leading to 
the formation of the so-ealled saccharinic acids. These are respectively: 


(a) Metasaccharinic acids 

CHiOHCHOHCHOHCH^OHCOOH 

> 

(b) iBosaccharinio acids 


CHjOHCHOHCHtCOH' 


(c) Saccharinic acids 

CH,OHCHOHCHOHCO» 


(d) Parasacchariiuc acids 
CHfOHCBOHCOH 


yCOOE 

DOH< 

XJHjOH 

C l 

< OOH 
HiCHjOH 


(eight possible 
hexonic) 

(four possible 
hexonic) 


(eight possible 
hexonic) 


(four possible 
hexonic) 


The formula in each case is CeHi20«, so that each of these adds is 
isomeric with the parent hexose. Certain of the corresponding sao- 
charinic adds from pentoses have been described by Nef, but these are 
analogous in character. Of the twenty-four posdble isomers listed 
above, only a few have been described; 

(a) One or two metasaccharinic adds from galactose or lactose and 
two from glucose. 

(&) One or two isosaceharinic adds from maltose, lactose, or cello- 
fotofselmt none from glucoee or galactose. 

(e) Oos sacehairmie acid from ghicose or mannose. 

(d) One puasacchuinic add from galactose or lactose. 

The meehanisin of the formation of these substances has been the 
exteo^ite research but is still incompletely underetood. The 
endieat attempt to acoomtt for thdr formation was that of Kiliani, who 
asaumed that lactic acid and glycersldehyde, formed from the 
undw tlm uxfiiMmm of aOtah, wme reccmdenaed to give the sacoharinic 
®y wmmpng oondmiaation trf other adds and aldehydee thjf 
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mec h a nMnn was extended by Windaus to include all the iaomenc aaocha- 
rinic adds, but the theory has received little exp^imental suppo#. 

The most extensive investigations in the field were made by ^ef, 
with his co-workers, in a series of clasrical researches. On the basis of 
the earlier work of Lobry de Bruyn, a progresdon of the carbonyl group 
down the carbon chain was postulated and the various ketoses thus 
formed were then assumed to undergo internal oxidation and reduction 
leading to the formation of desoxy diketo compounds. A benrilic add 
rearrangement (p. 974) of these substances gave rise to the various sao- 
charinic adds. Thus, as written by Nef, who assumed the reactive- 
methylenic intermediates: 

I III 

CO CO CO CO 


I -H>0 I 

CHOH ^ C< 

I I 

CHOH CHOH 



If this same scheme is followed, starting with the aldehyde-, 2-keto-, and 
S-ketohexoses, it will be found that the first gives rise to the meta- 
saccharinic acids, the second to the isosacchsrinic, and the third, where 
two diketo compounds are possible. 


CHjOHCHOHCOCHOHCHOHCHiOH 
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CH,COCOCHOHCHOHCH,OH 

CH,OHCHOHCOCOCH^H,OH 


to both saccharinic and parasaccharinic adds. In the above scheme the 
formation of the diketo compounds might equally well be based on a 
aelective removal of the elements of water followed by ketoniaation, as 
proposed by Lewis: 
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In recent years, Benoy and Evans have proposed a modification d 
Nef’s scheme, based on their emphasis of the enediols as intermediate 
in these mechanisms." The same enediols which they postulated tp 
account for the isomerisations produced by alkali serve as intermedi- 
ates in the saccharinic add formation, and the one mechanism acetmata 
for both types of reactions. These authors suggested an iscnnecuathia 
of the ^^ol as follows: 

"Bonoy ud Bvana, ms J. Am. Ch 0 m. Soe., W, 3B75 (IWb- 
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CHOH 


a CO 


CHOH CHi 


and the diketo derivative thus formed could undergo the benzilic acid 
rearrangement as postulated by Nef. The major difference between 
these two theories derives from the precursors which are assumed, as 
may be se^ in the following scheme: 


Nbf 

Metasaccharinic < 

Isosaccharinic i 

Saocharinic > 
Parasaccharinic < 


aldehydo 


2-keto 


3-keto 


\. 

\, 


Bsnot and Evans 


2-eDedioI — > Saccharinic 


2,3-enediol 


Parasaccharinic 


Metasaccharinic 


^ 3,4-enedioi — » Isosaccharinic 

It would seem that quantitative studies on partially substituted hexoses 
or on the disacchatides might serve to decide between these two theories. 

In recent years a further attempt to elucidate the mechanism of 
the formation of the saccharinic and Isosaccharinic acids was made by 
Ohle. This author started from fruct(»e, for example, and assuming a 
pinacol rearrangement, followed by selective removal and addition of 
water, formulated the desired substances.'* Thus: 

CH, CXX)H CH, COOH 


CH,OH 

CHiOH 

CHrf)H<XK)H 

c!:hoh 

(liHOH 

io 

yCOH 


inoH 

^HOH 

inoH ^ 

’<S 

<!moH / 

in, OH 

AhiOH 

haOB. 

Ahoh 

<!;hoh V 

CHrf)HCOOH 

CHiOHCOOH 

imoE 


AhiOH \ 

COH 




CH 

t 

(!/Hi 
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mrt*. FkuM., as, m (1«U). 


CHOH 

^HiOH 
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This mechaoism cannot be used to account for the metafKiocharinic and 
parasaccharinic adds. 

There may also be mentioned the observation of Nicolet that 
a-hydroxy-j8-methoxy-/S-phenylpropiophenone, on treatoient with alkali, 
gave a,^-diphenyllactic acid.^^ The author explained this on the basis 
of a benzUic acid transformation of the hypothetical diketone and 
suggested that the initial reaction (an “aldol dehydration”) made a re- 
vision of Nef’s theories necessary. 


C,H, 

j 

C,H, 

1 

C,H6 

CA 

1 

CHOCH, 

1 

CH 
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1 

CHi 

1 
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1 
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1 

CHOH 

1 

— > COH-» 
1 

CO -V 

1 

HOCCeHj 
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CO 

1 

CO 
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CO 

1 

COOH 

1 

CtH* 

j 

cja» 

1 

C,H* 



Evans (private communication), however, points out that, if the re- 
moval of methyl alcohol is assiuned as the first step, the reaction may 
be represented as follows: 


C,H* 

cm, 

CeH, 

cm, 

cm, 
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CHOCH, 
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CHOH 
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CHOH 
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CHOH 
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CH, 
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«> 

CO 

CO 

CO 

COOH 

j 

CeH. 

I 
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( 

^H, 

1 

CtE, 

1 
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and thus included in the general mechanism outlined above. 

Oxidation. In this discussion of oxidation, as in that of iscaneriza- 
tion, it is convenient first to consider the reactions in add medium since 
they are of less involved nature. In the presence of strong adds tiie 
results are complicated by the isomerizations which lead to the pro- 
duction of furfural derivatives, lewdinic add, and the humic adds. 
With bromine, on the other hand, such isomerizations are reduced to a 
minim iim , and the reaction with aldoses is largely confined to ample 
ojddation to the corresponding add: 

Br, + HjO + ECHO -» 2HBr RCOOH 

A similar converaon is achieved by uang hot dilute nitric add, and the 
major product is again the aldonic add. This same reagent produces 

» Nioolet, aid., SS, 4458 (1931). See Nef, Am., STC, 3 (1910). 
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ficSeetive (ladda^B of primaiy alcoholic group adjacent to the leduo* 
ing eatixm in the case of ketoses, and has been found useful as a prepara- 
Uto metliod for the 2-keto aldome adds which are intermediates in the 
ascorbie add ayuthei^. 

Boiling concentrated nitric add oxidises both tenmnal carbons and 
gives the dkarboxylic adds (saccharic adds), most often in the form 
of thdr mono* or dilactones. Thus: 


CHO 

COOH 

CO 

1 

CHOH 

1 

CHOH 

j 

CHOH 

1 

CHOH 

1 

CHOH 

1 

CHOH 

1 

CHOH 

1 -- 
CHOH 

1 

CH 
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CHOH 

1 

1 

CHOH 

1 

CHOH 

1 

CHtOH 

I 

(!x)OH 

j 

COOH 


"Ihis same reagent is frequently taed in structural determinations in- 
volving the methylated sugars, as they are attacked at the point of 
the lactol or lactone ring, the position of which is indicated by the 
nature of the oxidation products. For example, 


CHOMe — 
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COOH 
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^H 
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CH«OMe 
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CXX)H 

I 

CHOMe 

I 

CHOMe 

I 

COOH 


’Hie method is sinulaiiy employed to determine the position of substit- 
uents, by fully methylating the mibstanoe, removing the substituent, 
fHrididng, and detormining the nature of the oxidation products. 

An cnddation wlbidi has preparative significance is that with hydrogen 
peroxide in tine presence of iron catalysts. With ferrous salts both 
aldoses and 2-fcetoBes are converted to the osones, while fragments of 
the mdeoule aiq;>etr as by-products in the fccm of the adds: 

HCkOHCHO -* HOOCHO 4 - ECOCHjOH 
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With ferric irwi, notabljr colloidal ferric hydroxide, u catalyst the 
mei^od becouMS a useful one for the preparatioa oi tihe aldoera of <Hie 
less <»rbon from the aldonic adds: 

RCHOHCOOH + (0) RCaiO + CO, + 

A siinilar oxidation has been achieved electrolytkally, and a farther 
i^dal case of the same general reaction is the action of hypochlorites 
or hypobromites on the sugar add amides: 

RCHOHCONH, + Ofl- + OQ- -♦ RCHO + NCO" + a* + 2H,0 

To Weennan is due the observation that this reaction may be used to 
prove substitution on the second carbon atom of aldoses, for formation 
of isocyanates does not then take place. 

In dUcaiine oxidations the various isomerizations which have already 
been discussed must also be taken into consideration. With weakly 
alkaline reagents, and at low temperatures, isomerization may be negli- 
gible, but with the more alkaline oxidants, particularly when used hot, 
it may predominate. An example of the first class is oxidation with 
hypoiodites, usually at room temperature or below. Simple oxidation 
of aldoses is observed, and under controlled conditions of alkalinity and 
temperature, ketohexoses are negligibly affected and the method is not 
only specific, but quantitative as welL 

RCHO + I, -f- 20H- RCOOH + H,0 + 21" 

An oxidation, similar to this, has been achieved by Isbell, who per- 
formed an electrolytic oxidation in the presence of small amounts of 
bromides. Here the bromide may be considered as being continuously 
oxidized to the hypobromite, and this in turn as being continuously 
reduced by the aldose with the formation of the aldonic acid. A by- 
product of this reaction with glucose is 5-ketoghieonic add.” Oxida- 
tion of glucose directly with barium hsTwbromite leads to the production 
of a considerable amount of this 5-ketogluconic acid.*® Reooit wwk 
on the preparation and isolation of these keto adds has been done by 
iiVerett.** 

Of theoretical importance in connection with the hypobromite oxi- 
dation is the conclusion of Isbell, who has presented evidence showing 
that there is a difference between the et- and ^-forms of the aldoses as 

** Weennan, Rec. ttas. tMm., 87, 16 (1017). See Anlt, HaerorOL, and Sist, J. Oum. 
8oe., 1722 (1934). 

Cook and Major, /. Am. Chem. Soe., S7, 773 (1085). 

** ReioheteiD and Neraeher, Slit. Chim. Ada, 18, 802 (1035). 

*tHart and Evetett, J. Am. Cham. JSoc., 81, 1823 (1030); Cttmm, Bwti, and 
ibid.. Mi. 491 (1940). 



01U3ANI0 CHEMISTRY 


i«|ga»ls the mte of tlidr ojddatioa.** The e»ine author also believes that 
sugars are directly oxidized by this reagent from thm lactol to their 
^taue forms, iJie ring being unchanged in the process.** 

r~ 0 1 N»oar r 0 1 

CHiOHCHCHOHCHOHCHOHCHOH » CH,OHCHCHOHCHOHCHOHCO 

Anotho* reaction of hypobromites is the more vigorous treatment 
of ketoses which cleaves the molecule at the carbonyl group. The same 
result is secured by using mercuric oxide in alkaline solution: 

RCHOHCOCHjOH RCOOH + HOOCCHjOH 


In recent years there has been described a most important reaction 
which involves the treatment of glycosides with hypobromites and leads 
to the complete elimination of the third carbon from the molecule, while 
the remainder is obtained as a mixed acetal; ** 


CHsOCH 
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CHOH 
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CHOH 
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CHOH 
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CH 
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CH^H 


CHjOCH — 
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COOH 
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COOH 
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CH 

I 

CH,OH 


This reaction is discussed in the preceding chapter (p. 1569) in connection 
with structural determinations. 

Many of the quantitative analytical reagents used for sugar deter- 
minations are more or less alkaline in reaction and, being used hot, 
produce fairly extensive isomerization. Sobotka has shown that, in the 
series of methylated sugars, oxidation by a typical sugar reagent dimin- 
ishes pn^ressively as the methyl groups are moved toward the reducing 
carbon.** Thus S-methylgluoose is much less reducing than glucose 
itself, and 2,3-dimethylgluoo8e has very little reducing action. This 
observation has been confirmed with several of the monometbylglucoses 
and has been ex{dained on the bisis of isomerizations leading to the 
formation non-redudng products such as the saccbarinic acids. 
Howevor, it is to be noted that, even in case of free glucose, in the 
Am. Ckm. &»., S4, 1002 (1032). 

*' ttUlLand Sudfon, J. SttumA tfa/L Bur. 3tandard$, 8, 327 (1032) ; Isbell, ibid., p. 

eis. 

Holscm, J, Am. Ckm. 8oc., M, 378 (1936). 

. .*«8oboaEa./.^.C%em.,M.267(192e). 
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aonoal oxidation time (by which time the reaction is ai^roaduii^ a 
maximum) only three atoms of oxygen have been consumed. 'Tbw ig 
equivalent to the production of the acid of one leffi carbon: 

RCHOHCHO + 3(0) -» RCOOH + HjO + CO, 

so that it is surpriring that S-methylglucose should be so much less 
reducing. Although this is certainly in part due to the isomerizationB 
mentioned above, it appears possible that it may also be due to the 
prevention of mid-chain oxidations (like that with b3qjobromite) by 
the presence of the stable substituted groups. 

This oxidation by alkaline reagents has been extensively studied by 
Nef and more recently by Evans,” and these authors interpret the 
results on the basis of the intermediates produced by the action of alkali, 
and their subsequent reaction with the oxidant. Evans’ emphads is 
upon the enediols as intermediates, and it was his conclusion that the 
quantitative results were in satisfactory agreement with the assumption 
of cleavage and oxidation of the various enediol forms. 

In the discussion above there have been considered only a few of 
the many reagents and reactions which have been studied, and of which 
there are an enormous number. Catalytic oxidation, oxidation by air, 
by peroxides, and by salts and oxides of numerous metals have been 
extensively studied. They are omitted here for the reason that in 
general they are similarly explained and usually permit qualitative if 
not quantitative interpretation on the assumption of enediols and their 
reactions. Two reagents which may be mentioned are the peracids and 
lead tetraacetate which are u.sed for the oxidation of substances havii^ 
double bonds in the molecule. As mentioned above, this last reagent 
has been found of theoretical and preparative use since it produces 
oxidation of the saturated sugars only if there are two adjacent unsub- 
stituted hydroxyls. One final reagent which has found some application 
in structural determinations is silver oxide in aqueous solution.®* There 
are indications that in the methylated sugars this reagent may produce 
oxidation only at the point of attachment of the lactol ring, although 
this has not as yet been firmly established. 

As a final consideration in this section may be mentioned the work 
of Ohle and his collaborators,*’ directed towards securing “models’' 
for the biological breakdown of carbohydrates. Working with fructose 
derivatives, they found as intermediates branched-chain dicarboxylic 
acids which they called furtonic adds. Thus /S-diaoetonefructose-l- 

“See, for example, Freudenberg, Ber., ##, 836 (1936); Mioheel, Ber., 6S 347 (1030); 
Leveoe aod Compton, J. Bwl. Chem., lU, 77C (1936). 

” OUe, Conteicos, and Qonzalez, Ber., 64 , 1769, 3804, 2810 (1^1). 
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OixMation ivitit peanmngMiiatey guve ^monoftCfitnnfi-l-fnr trmfB- 
iiaito^e aekt Inudfste, wbile jS^acetoiiefmctose-l-caxboa^lio acid 
gave l5-mmoeaeime44mU>nt3Mgabo^ add. The last, oa add 
kydrol^w, yielded (dycolio aldehyde, ^ycolic acid, and two molecules 
cd cwbon dioxide: 
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EBmilar reactions were observed with er-diacetonefructose-3-sulfate and 
with the COTtespondiDg phosphoric esters. On the other hand, it was 
found that monoacetoneglucose-3^1fate on oxidation gave the S-sulfate 
ci monoacetonexyloronic add and not a furtonic acid. 

In spite of the very interesting nature of these reactions, conddeiv 
able additional infonnation will be needed before the results can be 
aiqdied in any biological connections. 


Fermentations 

AlcoboEc. One of the most important bblofdcal processes, and one 
ai the moat mctendvely studied, is the metabolism of carbohydrates. 
The bert^ understood of these reactions is alcoholic fermentation, and, 
httsmuch as it may be used as a starting point feu the discussion of 
dtaaost att kindred processes, it may be conddered at scane length. 

Xivey^aat fennentation is conned to certain disaccharides, one of 
tjbe two iKMQOses, a few faexoses, »gIuoosmi, 5-ketofructoee, and the 
Mam, and on tUnburn it Ima been stated that only such sugars ferment 
as txmtain three or a nniltiide of three carbon atoms. In general it 
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appeals that the disaccharides tmd^go prelimiiiaiy fas^dfcdysiB to 
hex<»es, althoii^ some evidence ^dste to show that this is not invariably 
true and that they may be fermented directly. The tiknes, moreover, 
are fermented only slowly and may perhaps undergo a prelimmaiy con- 
version, the exact nature of which will be discussed later. In any ev^t 
the significant fermentation is that of the hexoses, and of these only 
d-gluoose, d-mannose, d-fnictose, and (by specially cultured yeasts) 
d-galactose are utilized. Introduction of any substituent whatsoever * 
has been found invariably to prevent fermentation. 

In live-cell fermentation it was found that a quantitative "balance- 
sheet” could be prepared in which, with fair precision, the fermentatum 
is described by the equation; 

COlisOa 2 CO 2 + 2CiH»OH (l)t 

However, working with the fermentation enzyme, Harden,®* in bis 
brilliant researches, made the astonishing discovery that inorganic phos- 
phates are involved in the enzymic reaction which is more nearly repre- 
sented by the equation; 

2C6Hi, 0. + 2H^P04 2CO, + 2C*HtOH + C«Hio04(P04H2)j + 2H*0 (2) 

Harden was able to isolate a large proportion of the organic phosphate 
required by this equation, and to show that the dynamics of the reaction 
was in essential accord with this mechanism. The fact that the ampler 
equation (1) applied in the live-cell fermentation was explained by 
assuming that, in the intact cell, a mechanism exists for the rapid 
hydrolysis of the hexosediphosphate, thus regenerating inorganic phos- 
phate and fermentable hexose; 

C»Hio 04(P04H2), + 2H,0 CeHuO. + 2H,P04 (3) 


The net result of (2) and (3) is (1). 

Such hydrolysis does, in fact, occur in \he enzymic system but at 
so low a rate that the diphosphate accumulates during rapid fermenta- 
tion. It is of interest in this connection that the addition of arsenates 
or arsenites increases the rate of en^qnnic fermentation, which, in ^oecial 
oases, may approach that of the living yeast equivalent to the amount of 

* Exceptions to this statement are the glyeomdeB, but in general they are hydrelyaed 
prior to fermentation. 

t From data given in Parks and Huffman, "The Free Energies of Some Organic Com- 
pounds,” Chemical Catalog Co., New York (1932), it may be calculated that for this 
reaction (CO| at 1 atm.,CiHiOH and C«HitO« in 1 moUl solution) 


(C.HiOH)^CO.P 

(CsHiA)*) 


— 10** (q>proz.) 


hi view ol this fact the irreverntnlity of fomentation in actual praetioe is not mniitirinc. 
** See Monognph, "Alcoholic Fermentation," hp Harden tLongmnns, Qnen end Co., 
London (1932) ]. 
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4&Qt]iie lued. This has beai explained by assuming ttot ais^tes 
increase tim rate of reaction (3), r^enerating inorganic phosphate more 
ntpieUy and thim accelerating reaction (2). 

Aimther significant fact, which must receive consideration, is derived 
frmn experiments on certain enzyme preparations which show a delayed 
starting or induction period, followed by normal fermentation. It 
has been found that calain of the phospho esters, but especially the 
hexosediidiDSihate, in very low concentration, reduce or entirely a^lMi 
this induction period so that fermmtation starts almost immediately. 
Nothing in the preceding reactions permits prediction of this surprising 
result, which seems to indicate the diphosphate to be some sort of inter- 
mediate in the fermentation mechanism. Against this view is the fact 
that the diphosphate exhibits a very low rate of enzymic fermentation, 
whereas a true intermediate ^ould ferment at least as fast as the parent 
hexose under equivalent conditions. To reconcile these two facts, re- 
course wag usually had to the rather unsatisfactory explaiuition that 
the diphosphate was liberated in an “active” state which had a higher 
rate of fermentation than the “stable” forms which were isolated. 

^thin tire past few years the problem has been entirely reopened 
and given a tremendous impetus by the important observations of 
, Meyerhof and Lohmann, who found that an equilibrium is established 
;:^th extraordinary speed between dihydroxyacetone phosphate and 
bexosediphoephate in the presence of yeast enzyme.** 

C»Hjfl04(P04Ht)j 2C3H60 j(P04Hs) 

HeioMdipho«pfcmte DihydroxfacetoDe piio«i)bBte 

This constitutes one of the most significant observations thus far made 
in the field of carbohydrate metabolism, as here for the first time is a 
mechanism for securing the smaller triose units which have been so 
often postulated. Not only is considerable rearrangement involved in 
the reaction, but also au interchange of optically active and optically 
inactive material: 

CH,OPOiH 2 CHiOPOtil* 



CO 

I 

CHiOH 

CHtOH 

io 

AH*OPO«Hf 


and iftdufwimtMdmfteti. tl. IM (18M) ; BiooMm. Z., tTl, 80 

a«a«:m4u mm : m. «te mm. 
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The chan^ is reveisible, and it is of great interest titat trae tti wmww 
dynamic equilibrium is attained. 

Following tiiis major discovery, a new activity in this rwearch field 
has brou^t to light a series of most remarkable reactions. The problem 
is currently in a transitional state, and constantly appearing new data 
make the subject difficult to present. However, it seems useful to 
present a complete theory and to indicate some of its deficiencies. This 
is perhaps best achieved by presenting the mechanism purposed by 
Meyerhof and Kiessling, which is as follows.*® 


C,HuO, + 2HJ'04 + C6 Hio04(P04H*), ^ 

Hexoae Hexosedipboepbaie 


r tCHjOPOjHjCOCHjOH 

L Phoai^odihydroxyftcetoae 


4CH20PO,HiCHOHCHO] 

I^oBphoglyoeraldfihyde J 


2CHj0P03HjCH0HCHj0H + 2CHjOP03H2CHOHCOOH 

a'Phoei^oglyoerol 3-Phoaphoglyoeric acid 


2CH*0P03HjCH0HC00H 2CH*0HCH0P03H*C00H 

S'Phoapboftlyoenc acid 2-Phospho^yoerie acid 

2CH2OHCHOPO3HJCOOH ;:± 2CHi!=COPOJl2COOH + 2H,0 

2'Pho0phoglyceric aad Phoepbopyruvio add eool 


(4) 

(5) 


2CH2=COP03H2COOH + CsHiiO, 

Phoepbopyruvio add enol Hexoeo 

2CH3C0C(X)H + CeH,o04(P04H2)* (6) 

Pyruvic add Hexoaedipboepbate 

2CH3COCOOH -> 2CH3CHO + 2CO2 (7) 

Pyrunc add Aoeteidehyde 

2CH3CHO + CsHuOj + 2H8PO4 [primary ester + 2CH8CHO] 

Aoetaldehyde Hexoae 

2CH2OPOSH2CHOHCOOH + 2C*H60H (8) 

3>Pbo8pboglyoenc acid Alcohol 


The summation of 5, 6, 7, and 8 gives 

2CeHi30« + 2 HsP04 —*■ C«Hio04(P04H2)2 + 2 CO 2 + 2 C 2 H 5 OH + 2HiO 

identical with reaction (2) discovered by Harden. In order to make 
clearer the sequence of events leading to this result, the above mechanism 
is given in diagrammatic form below. 

In this diagram there may be seen the utilization of glucose and 
inorganic phosphate and the production of hexosediphosphate, alcohol, 

*• M^yorhof and Kie*slingi ibid., SSI, 249 (193S) ; S8S, 83 (1935). 

See also the earlier basic results of Embden. For example, Embden, Deatieke, and 
Kraft, KUn. Tfocbscfcr.. IS, 213 (1933) ; Embdea and oo-workert, Z. lAvtioi. CAem., SSQL 
1 (1934). 
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In the mechanism as outlined in the equations above, the only 
hypothetical substance is the primary ester which is assumed in reaction 
(8). With this exception all the substances indicated have been isolated, 
and many have been made available synthetically. The products have 
usually been demonstrated by employing incomplete systems (such as 
one lacking coenzyme) or partially impaired enzymes (such as those 
poisoned by iodoaoetate or fluoride); under these circumstances the 
intermediates accumulate and can be isolated. Although there is some 
reason to discoimt conclusions based upon such abnormal enzyme sys- 
tems,** still the method provides valuable data which must not be 
ignored. 

The experimental ba^ for this mechanism is as follows ; 

Equation (4): Although hexosediphosphate alone is only slowly 
fermented by yeast juice, in the presence of glucose and inorganic phos- 
phate it is very rapidly converted into equimolal quantities of o-phos- 
phoglycerol and S-phosphoglyoeric acid. This presumably occurs 
tiux>u^ the intermediates, phospbodihydroxyacetone and phosphogly- 
coaldehyde, and there is evidence indicating the reverable interconver- 
sbn of these two substances. 

Equations (5): 3-Pbo8pho{|yoeric add (which, inddentally, has also 
been prepared synthetically) undergoes a two-stage reaction, each step 
bdng reversible, whereby (Ievo)3-pho8phoglyceric add is converted into 
(deKtro)2-pboiqdioglyeeric add. This in turn loses the elements of 
wata and gives the phosphate of the enol form of pyruvic add. This 
product has also beat prepared synthetically. 


CHiOPOiH, CHiOH CH, 

L » 

CHOH i=t CHOPO A COPOiH, 

AoOH ioOH CXX)H 

Otwo} (itottro) 

**9w> Uk MHapl*, Nord, Chm. Rm,, M, 423 (1040}. 
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Equation (6): If {^kicose is added to eitilier naiaizBl syntiietic 
phosphopyruvic add in the presence of the enzyme aystesn, pyruvic 
add and hexosedipho^hate are formed by interchange of ihs phoaph o 
groups. 

Equation (7) : The p 3 oaivic acid formed in reaction (6) is decarbojyl- 
ated by the long-known enzyme carboxylase and yields acetaldehyde 
and carbon dioxide. 

Equation (8) : Acetaldehyde, glucose, *and inorganic pho^diate have 
been shown to react rapidly in the presence of hexosedipho^hate and 
the yeast enzyme (through an assumed intermediate ester), reducing 
the aldehyde to alcohol and regenerating the original 3-phospho^yceric 
acid. In this way the concentration of the latter is kept constant. 

As will be seen from this discussion, the proposed mechanism rests 
on a fairiy secure experimental basis. Moreover, it includes certain other 
phenomena cormected with fermentation which cannot be discussed hrae. 
However, it cannot be stated with certainty that the above is the actual 
sequence of reactions in normal, unimpaired fermentation, and it is to 
be noted that certain of the proposed reactions [(8), for example] are 
of extremely high order. It seems probable lhat in such cases inter- 
mediate reactions occur which have not, as yet, been demonstrated, and 
that the actual mechanism will eventually be shown to embody many 
simultaneous but low-order reactions. Moreover, although hexoeedi- 
phosphate is written in all the above equations, Meyerhof intends this 
to include monophosphates as well, and this relationidiip is still obscure, 
finally it is to be noted that the “primary ester,” which is postulated 
above, is considered to be an unstable pbospho ester, not identical with 
any of those already known. The search for an intermediate of this 
nature dates back to Harden’s original discovery of the participation 
of phosphates in the fermentation system. 

In addition to the studies discussed above, mention should be made 
of the work of Schaffner and co-workers,** who prepared mixtures of 
purified enzymes obtained from various sources, and who by use of these 
“synthetic” fermentation systems were able to produce the following 
reactions: 

CH^HCOCHjOPO^, + CHjCHO + H,0 

COOHCHOHCH,OPO,H, + C^tOH (9) 

and 

C.Hi,0(i + 2Hd*04 -» OeHioOiCPOiHj)! + 2HiO (10) 

Reaction (0), by some d)scure mechanism, induces reaction (10), and 
botih are amultaneously inhibited by iodoaoetic add. These reactions, 

*> Sob&ffiiar and Bauer, Natundtaentchaften, tS, 464 (1934) ; SdiZ&ar, Bauer, sad 
Bert 2. phiftid. Chm., SSS, 213 (1936) ; aS4, 146 (1936). 
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sot of immediate relatitmahip to the medtanism above, never* 
theieas appear to be of considerable significance. 

In adchtion to the ample fermentation (1), the mechanism of M^r- 
hof and Kieeding may also be employed to explain some of the older 
observations of Neuberg.** In an attempt to “fe,” or remove from the 
reaction, possible aldehydic intermediates this author added sulfites or 
alkali to both live-yeast and enzymic fermentations and in this way 
was able to produce two reactions: 

Ci^uO, -► CsHsO, + CHsCHO + CO* (11) 

Glyoeiol 

2C«HutO« + H,0 -► 2CjH*Os + CH,COOH + CjHjOH + 200* (12) 

It will be noted that (12) would result by combining a “Cannizzaro” 
reaction, 2CHaCH0 + HjO = CHgCOOH + CgHsOH, with (11). The 
existence of an enzyme which accomplishes this type of change has in 
fact been demonstrated. Reaction (11) may be explained, on the basis 
of the Meyerhof-Kiessling mechanism, as resulting from removal of 
the acetaldehyde so that reaction (8) can no longer occur, and the 
3-phos{dtoglyceric acid is therefore not regenerated. Thus, to replace 
it, (4) must proceed, and a-phosphoglycerol continues to be formed and 
to be converted to the glycerol indicated above. 

Muscle Metabolism. Many of the data discussed above have been 
setxired in studies on the closely related problem of muscle metabolism. 
This highly important mechanism has been included by Meyerhof and 
KiesRling in a similar scheme, in which reactions (4), (5), and (6) are 
the same and (7) and (8) are replaced by: 

2CH,C»C00H + 2H,P04 + CeHuO* 

— ♦ laimary ester + 2CHjCC)C00H 
— » 2 triose phosphate + 2CHjCC)C00H 

2CH,OPOja,CHOHCOOH + 2 CH 3 CHOHCOOH (13) 

The phoephoglyceric acid for (5) is thus similarly regenerated, but the 
product of the reaction is lactic acid instead of alcohol and carbon 
dioxide. 

An 
system 

CiHttC%^2adenyipyrophoephate— »C«H ij 04 (P 04 H*)* + 2 adenylic acid (14) 

Tlxil is m ocmsiderable intaest in connection with the problons of co- 
mid hexosedipboBphate formation, but its implications cannot 
%s ec«jNdei«d here. 




reaction which has been demonstrated m the muscle 
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Other Fermentations. The mechanism just described can quite 
obviously be employed to describe the important lactic acid fermenta- 
tion, for the net initial reaction is die same: 

CeHuO, 2CH,CHOHCOOH 

although in the muscle the lactic acid then undergoes further transfor- 
mation. That the above mechanism is indeed applicable to the lactic 
acid fermentation is partially substantiated by experimental evidence, 
but this is not yet nearly so complete as that for alcoholic fermentation. 

In view of the tremendous amount of research which has been re- 
quired to advance the understanding of these well-known processes to 
its present stage, it is not surprising that in the less-explored fields 
there should be little real knowledge. The ingenious and plausible 
mechanisms which might be written are largely without experimental 
verification and for some the enzyme systems have not even been 
isolated. Thus for the moment it seems desirable to postpone con- 
sideration of possible mechanisms until adequate data have been accu- 
mulated. Some of the commoner fermentations are indicated below, 
but in most of these reactions two or more processes appear actually 
to be taking place simultaneously, for the proportions of the various 
products may be changed by modifying the conditions. These arc, 
therefore, to be considered as idealized equations which serve chiefly to 
indicate the nature of the products formed. 

BiUyric Acid Fermentation. A su^sted mechanism is the following: 
CoHuO* 2 C»H «05 2CHsCHO + 2 HCOOH 

CHiCHO + H 2 O -» CH 3 COOH + Hj and HCOOH ^ CO 2 -|- H, 
2CH,CHO CHjCHOHCHjCHO 

-► CH,CH=CHCHO -1- H,0 CH,CH,CHsCOOH 

This mechanism accounts for the main products of the reaction, 
which are butyric and acetic acids, carbon dioxide, and hydrogen; a 
trace of formic acid is always pr^nt. The intermediate triose postu- 
lated above is presumably formed by the same sort of mechanism as in 
alcoholic fermentation and may actually be a phospho ester. 

Butyl Alcohol and Acetone. The mechanism is like that above, with 
the addition of the following reactions: 

2CH,COOH -4 CHjCOCHjCOOH -+ CHsCOCH- + CO, 
CBWJOCH* -t- 2H -► CHjCHOHCH, 

CHsCHO -H 2 H -♦ CH,CH,OH 

CH,CH,CH,COOH -f 4H -♦ CH,CH,CH,CH,OH + H,0 
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In tins wtty, bnM aloohdl, acetone, and ethyl and iaoianpjd alcoholB 
am added to the pioduoto ab^. Ihe fiist two are the dcmunant reao- 
ticm products, and the fennmitetioQ has conmdemble ocHomerwl utiUty 
for production of these substances. 

Propionic Acid. The intermediate here appears to be lactic add: 

CiHmO. -♦ 2CEW3HOHCOOH 

CHiCHOHCOOH CHrfX)COOH + 2H 

CHjCOCOOH CH,CHO + CO* 

CHiCHO + HjO CHiCOOH + 2H 

CHK3HOHCOOH + 2H CH,CHjCOOH + HsO 

Btopionic and acetic adds predominate, although other by-products 
ate formed. 

Citric Acid. The formation of a tribaaic acid manifestly involves a 
very complex reaction, but the equation may be written in a eimple 
form: 

CfHitO* HfO — > CfHaO? + 6H 

AcoeptotB for the hydrogen may be postulated in numerous ways. 

Xylote Ferrrumtatim. Among the many pentose fermentations may 
be mentioned one In which xylose is fermented to the extent of 85-00 
per cCTt to an equimolar mixture of acetic and lactic adds: 

C»HwO» - CHiCOOH + CHiCHOHCOOH 

ChndaUm try AcddmcUr tubozydana. This organism produces 

dehydrogenations of the general type, CHOH — CO -f- 2H. In this 

1 1 

manner alcohol is converted to acetaldehyde, kopropyl alcohol to ace- 
tmie, idytorol to dibydroxyacetone, aigar alcohols to ketoses, and glu- 
ocHUC a(^ to &-ketogiuconic acicL In the sugars the CHOH group adja- 
o^t to the primary alcohol group is converted to the ketose. 

(hddation by Acetobader xylinum. The initial oxidations are identi- 
cal with those abore, but further oxidation of the products also occurs. 

Jt is to be noted that in all these reactions the essential feature is the 
transfer of l^ydrogen by one or more mechanions, and this may be 
canddered as fundamental to all these biological processes. However, 
as in ti^alodtolic fmmmxtation, the mechanism of this transport may 
prove to be lugbly econplex. 



CARBOHYDRATES H 


1668 


GENERAL REFERENCES 

Annual Rmiem (if Biochemistry, StaofoTd Univetat; Pren, Btaitfosrd UniTeratj, 
Calif. 

Fxiubbb and Webkuak, “An Index to Gie Chemical Action of Micro-oixoninns cm 
the Non-nitrogenous Organic Compounds/’ Thomas, S^uingfield and Baltimore 
(1930). 

Habdsn, “Alcoholic Fermentation,” 3rd ed., Longmans, Green and Co., Lcmdon 
(1923). 

KncTVEB, "The Chemical Activity of Micro-organisms,” University of London 
Frees, London (1931). 

Mktbbhof, Current Sei., 4, 669 (1936). 

Nobd, Chem. Ren., 36, 423 (1940). 

Ohlb, Ergeb. Physiol., 88, 658 (1931); “Fortschritte physioL Chemie, 1929-1934,” 
Berlin (1934), p. 3; Angew. Chem., 47, 247 (1934). 

Oppenhziueb, “Ldirbuch der Ensyme,” Thieme, Leiprig (1927). 

Shtth and Obold, “Industrial Microbiology," Williams and WiDdna Co., Balti- 
more (1930). 

ZbhfiAn, Recent Results in Carbohydrate Research, Ber., 74A, 75 (1941). 



CHAPTER 22 


CASBOHYDRATES ZH— CELLULOSE 

Ebcl Heuseh 

Insiitvte of Paper Chemistry, Appleton, Wisconsin 

CONTENTS 

FAOE 

iMTBODUCnON 1866 

Tek Formation or Ai.kau CEixuLoaii and Csi.luia>bateb 1669 

CtJFRAMMONiUM Cellulose 1674 

Cellulose Esters 1676 

Cdluloae Nitrates 1677 

CeUuloae Acetates and Other Types 1679 

Cdlulose Xanthates 1683 

Cellulose Ethers , . 1687 

Methyl and Ethyl Ethers 1687 

Metbytene Ethers (Acetals) 1689 

Glycolic Add Ether 1690 

Triphenjdcarbinyl Ether 1690 

Glyoolc^ulose ^ydroxyethylcellulose) . 1690 

Beozylcdlulose 1691 

The Oxidation of Cellulose 1691 

Tbs Deokadation of Cellulose bt Acids 1694 

Hydrooellulose - 1694 

Cdlodextrins 1696 

Ol^EOsacdiarides 1696 

Tbs Deobadation or Cellulose bt Thermal Decomfobition . ... 1699 

Tbs Degradation of Cellulose bt Means of Biological Processes . 1700 

Tbs Chemical Conotitution of Cellulose 1701 

The Molecular et Cdlulose 1705 

Tas Fnnc S i e u c tu bb of Cellulose as Revealed bt X-Rat Analtsib . 1709 

'SvK FibRIllab Sxbocturb of Cellulose 1716 

ObMXBAL BMniSENCBB 1718 


1664 



CABBOHYDRATES HI— CELLULOSE 


mTRODUCTIOH 

Viewed by the organic chemist, ceOulose, the main constituent of all 
living plants, may be termed a natural high polymer the building unit 
of which is an anhydride of glucose. Nature, it is now believed, produces 
this polysaccharide in the form of long>chain molecules, px>sably by 
condensation and dehydration of glucose. 

However, cellulose as it exists in plants, as well as in its isolated 
state, pxjssesses a complex physical structure which manifests itself in 
various forms; for example, as hair in cotton, as bast in flax, and as 
fiber in wood.* X-ray analysis, the primary means of investigating the 
fine structure of natural polymers, has definitely shown cellulose to be 
of crystalline nature. As a result, the individual chain molecules are 
thought to be arranged parallel to each other and to be stabilized 
laterally by secondary valences or by hydrogen bonds between opposing 
hydroxyl groups. The chain bimdles thus formed are conceived to repre- 
sent hypothetical submicroscopic units, of varying length but of fixed 
breadth and thickness, which are termed crystallites or micellae. The 
micellae build up the fibrillae, the first constituents of the fiber which 
may be detected under the microscope. 

In defining the term cellulose, distinction should be made between cel- 
lulose as it exists in the plant and cellulose as it is obtained in its isolated 
form, for in the plant it may be chemically combined with other plant 
constituents, such as non-oellulosic carbohydrates or their acids and not 
merely mechanically associated with these and other compounds. On 
isolation and subsequent thorough purification cellulose may be obtained 
which is practically free of non-cellulosic substances. Thus, in isolated 
cellulose certain groupis may be altered from the form which they 
pxjssessed when still combined with groups of non-celluloac substances. 
It is also possible that in cellulose, while it is still in the plant, opposing 
hydroxyl groups of the parallel chains, besides being associated throu^ 
secondary valences or through hydrogen bridges, are in actual chemical 
combination at occasional points along the chains. Again, on isolation 
and purification, such cross linkages may imdergo cleavage. Moreover, 
as yet no means are available which would pormit isolating ceflulose 
from its various sources without hydrolysis of a smaller or greater 
number of glycosidic linkages of the individual chains. As a result, 
isolated cellulose very likely possesses a shorter average chain l^igth 
than cellulose in the plant. Finally, on isolation and pmrifieatitm, 
oxidation may take place and thus give rise to a furthw idiange of 

* tlte term fiber ia now uaed for all forme. 
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«ertai& groups b tiie isolated product. Since almost all cellulose reactions 
liave been and are undertaken with i8(dated cellulose, a discuadon of 
IheBe reactimia and tfam evaluaiion will necessarily refer to cellulose as 
the isolatied substance, unless otherwise stated. 

In dealing with the dtemistiy of cellulose we cannot afford to neglect 
eithw its microscopic and submioroscopio morphobgical structure or, 
as a result of its high-polymeric character, its colloidal nature as mani- 
fested in its solid form as well as in disperrions and solutions. On the 
oentraiy, these peculiarities call for close conaideration for they cause 
the reactions which cellulose undergoes to take a more or less hetero- 
geneous course and usually to proceed at a relatively slow rate. On the 
other hand, its fibrous structure and its colloidal nature explain the 
eBonucms utility of cellulose for a gzeat variety of purposes. 

Cellulose may be obtained from any plant. The process of isolation, 
whether carried out in the laboratory or in commercial practice, is 
alwa 3 r 8 tiie same in prindple; that is, the raw materials are subjected to 
agents which are expected to dissolve or destroy the non-cellulosic 
substances but to have as little effect as possible upon the cellulose 
itself. The chief commercial raw materials are cotton, flax, and hemp 
tar the textile industry, and the various species of wood for the pulp 
and paper industiy. Cotton, in the form of cotton linters, also serves 
as raw material for the manufacture of cuprammonium and acetate 
rayon as well as for the preparation of most of the cellulose esters and 
ethers, bat the viscose rayon industry uses wood pulp almost ex- 
dosively. 

Whereas the small percentage of impurities is relatively easily 
removed from the cotton fiber, the isolation of cellulose from wood 
requires a far more drastic treatment. The separation of cellulose from 
fignin, the other main constituent of wood, may be accomplished by 
the tieatment of wood either with a combination of calcium or sodium 
bbulfite and sulfurous acid (sulfite process) or witii sodium hydroxide 
akme (soda {wooese) or in combination with sodium sulfide (sulfate 
process). These treatments are carried out undw pressure and at 
elevated temparature and are followed by processes of bleadung with 
<hlotine and alkali hypochlorite. The wood pu4> thus obtained may be 
fvfffkise purified by extmotion with sodium hydroxide solution whereby 
the percmtsges of nooroellulodc carbohydrates, such as pentosans 
(i^lan), hexosans (mannan), and dmrt-cbain cellulose material (befo- 
aitd poimna-celiuloBe), are further reduced and the percentage of l<H)g> 
tSam edhiloee material (olpba-celluloee, diaraotaised by its redstanoe 
to 17 to 18 pw cent sodiam hydroxide sdution) is correspoiuili^y 
iua^ased. 
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llie purest oeUtiloee, which as ^‘staztdard e^iulose” * b used f(»r 
eaq}mmeiital studies, may be obtained fnnn raw cotton. After fat, 
wax, and other sohible impurities have been mnoved by extraction ^th 
organic solvents, the residue is freed of other noitH%lldk}fflC substanora, 
such as pectin, by earful treatment with dilute alkaH, and, after wash* 
ing, is Ueached slightly with h 3 rpocfalorite or other bleaching agents. 

%nall amoimts of celluloee occur in certain animal tissues (like 
PhaUusia mammUlaris), from which a t 3 rpe of animal eeUuloee, tonidn, 
may be obtained. Tunicin has been found to be identical wi^ cotton 
cellulose.* 'As a material in which the cluun molecules reveal particularly 
pronounced parallel orientation, it has often been used in comp^ative 
x-ray studies.* 

The now generally accepted concept of the chemical constitution of 
the cellulose chain molecule, which is presented in Fig. 1, is the result (d 



more than one hundred years of research on the behavior of cellulose 
with the most varied treatments. The reactions in question resemble 
those which are observed to occur with the simple sugars. Since, how- 
ever, of the reducing groups of glucose, all but one (the one terminating 
unit of the open chain) are involved in the glycoridie linkings between 
individual glucose anhydrides, celluloee lacks the pronounced reducing 
power of most of the sugars, and its chief reactions are a result of its 
hydroxyl groups. As the formula shows, all glucose anhydrides except 
one (the other terminating unit) possess three free hydroxyl groups, one, 
in the d-position, being of primary nature, and those in the 2- and in 
the S-positions of secondary nature. The terminating unit whidi 
possesses four free hydroxyl groups has the additional hydroxjd group 
in the 4-poBition. 

The free hydroxyl groups in cellulose react as in alcohols to form 
addition otunpounds with alkalies. and certain complex salts. tJnd^ 

* TMg ii ibe American Chemical Society me&od. See Corey and <3ray, Ind. Sng. 
CKtm., U, 863, 1130 (1084). See, also, Schwalbe, Pajrier-Fabr., M, 700 (103^; Wenier 
and Maeee, J. Bt»earek NaU. Bur. Standard», SI, 000 (1038). 

* Winteratein, Ber., tO, 302 (1803); Abderhalden and ZempIOn, 2. phytid, Chan^ ra 

68 ZeduBslstw’ and TOlb, (MA, tU, 307 (1033). 

IpRnoK and Oonell, Z. phytid, Chm., M&, W (1014). 
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ffpediil eooditions, tb^ also react with sodium metal to fonu compounds 
eomparable with the simple aloohoktes (alkoxides). Fmthmmore, the 
^n^coTiyl groups cellulose react to form ^ters and ethers, and, on 
' .‘;f|dd8tion, are converted stepwise into aldehydic and carboxylic groups. 
'• Ihi all these reactions cellulose behaves as an aliphatic polyalcohol. 

Unless rigid precautions ate taken, the introduction of new groups as 
‘ well as oxidation are accompanied by hydrolytic attack of the glycosidic 
link^es whidr results in a shortening of the chain molecules. However, 
the chains obviously are long enough to endure frequent cleavage before 
they lose their polymeric and hence their cellulosic character. 

The aggre^te of chain molecules which comprises the cellulosic sub- 
stance may not consist exclusively of glucose anhydride chains. Under 
certain conditions cellulose carefully isolated from the plant reveals the 
presence of carboxylic groups, which may be interpreted to mean that 
nature has oxidized the free reducing groups or even some or all of the 
. primary alcoholic groups of some of the chains in the micelles. Oxidation 
I of all the primary hydroxyl groups in a glucose anhydride chain would 
’ result in the formation of polyglucuronic acid. In a second phase nature 
, might convert polyglucuronic acid into xylan by way of decarboxylation. 
^ Thus cellulose as it exists in the plant may contain some polyglucuronic 
' add and some xylan chains. The possible occurrence of such biochemical 
processes is suggested by the fact that both polyuronic acids and xylan 
“ are foimd to be associated with cellulose in many plants. It might also 
explain the difliculty of freeing cellulose, prepared, for example, from 
wood and cereal straw, entirely of the two compounds without breaking 
down the cellulodo constituent to a considerable extent. 

Complete hydrolysis of cellulc«e yields glucose only. With the 
reservation that scane of the glucose is destroyed under the influence of 
the hydrolyzing acid and some undergoes reversion, the yield approaches 
the theoretical. On gradual and carefully controlled hydrolysis or 
aoetolyeis (i.e., hydrolysis with simultaneous acetylation) a number of 
oligosaccharides, which conast of six, four, and three glucose anhydride 
units, may be obtained before the chains break down to the disaccharide, 
oellobiose, and to the end product, glucose. Whereas it has not yet 
been possiUe to uzdte glucose anhydride molecules to form chains con- 
taining more than three members by common laboratory methods, long 
l^ucose anhydride chains result from simple sv^ars by enzymic synthesis. 
The product of reaction, bacterial cellulose (B-c^Uulose) has been found 
to posaeaa the molecular and submicroBco[ncal structure of natural 
plant celluhwe.' , ‘ 

to - 

end Banha, Om. ktuareh, I, 680 (1031); Clark, "Aiqaliad 
MeOtaw-ma Book Ca.. »wr Yark <1840), 8fd adn.P- S06. 
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The condensed formula of cellulose is usually written as (C 6 Hio 05 )n. 
On the assumption that the chain is open and thus possesses two termi- 
nating units wWch are’ different from the rest, the conden^d formula 
should be written thus: 

C*HiiO« — [CsHioOs], — CjHiiOs 

Cellulose possesses a high molecular weight. On the assumption 
that cellulose is represented by a system of polymeric molecules without 
side chains its molecular weight corresponds to the number of glucose 
anhydride unite of the chain molecules multiplied by the molecular 
weight of the unit (162). The number of units, that is the number of 
times the building unit repeats itself in the chain molecule, is termed 
the degree of polymerization. Since the chains constituting the cellulose 
substance are not all of the same length, there can be only an average 
degree of polymerization and an average molecular weight. 

A simple and approximate assessment of the degree of polymerization 
of ccllulosic materials may be made by determining their solution 
viscosities. The viscosity decreases with decreasing degree of poly- 
merization and may thus be used for recognizing and controlling the 
amount of degradation which cellulosic materials undergo during the 
various steps of isolation, purification, conversion into derivatives and 
during other reactions. This and other methods of determining the 
molecular weight of cellulose will be discussed later. » 

THE FORMATION OF ALKALI CELLULOSE ANP CELLULOSATES 

Caustic soda solution containing about 18 per cent sodium hydroxide 
by weight exerts a considerable swelling effect upon cellulose, an effect 
which is commercially utilized in the process^ of mercerization. This 
phenomenon is distinctly exothermic, and it seems likely that, under the 
conditions of mercerization, the two components combine to form a 
definite chemical compound. Its composition may be either (C«HioOs )3 • 
NaOH or CeHioOs NaOH,* dei)ending upon the method of analysis 
applied. The compound is termed alkali cellulose or, more exactly, 
sodimn hydroxide cellulose. 

The combination of two, or one, glucose anhydride units with only 
one molecule of sodium hydroxide has its parallel in the behavior of a 
number of simple alcohols, polyalcohols, and polyhydroxy compounds 
with metal hydroxides. Thus, for example, glycerol, erythritol, man- 
nitol, and dulcitol, as well as di- and monosaccharides combine with 

* This formula expresaea the fact that the compound contains one mcdecule of acMfium 
hy4|||dde per anhydride unit of Uie celluloae chain. In this and lilm foimulas 

tMh^out the chapter, the polymeric nature of the cellulose portion is implied. 
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meitA kydroiddm iot vetying psopcHtioos to fona additioc eompoonds 
adndh may be regarded as o(»nplex compounds in Werner smiae. 
Whe&iBT the addition of sodium hydronde to oeUaiaae is governed by 
the same laws which seem to control the combination in the case of tlw 
siinpler alcohols and sugars, is a qxiMtion which is difficult to decide. 
In view of the complex nature o£ the cellulose system, its combination 
with alkali is more probably a matter of aceessibihty of hydroxyl groups. 
On the assumption that about half of the hydroxyl groups of the syst^ 
are exposed on the surfaces of the micellae or chain bundles whereas 
Hie other half are concealed in the interior of the micellar system,^ it is 
oonoeivable that the hydroxyl groups on the surface react first. If the 
reaction, as is actually the case, comes to a standstill, it is possibly be- 
cause an the surface hydroxyls are covered. On this assumption, the 
formula, in which one molecule of sodium hydroxide corresponds to two 
glucose residaes, might well be interpreted to indicate that such a type of 
surface reaction takes place and that the components ere present not in a 
stmiduometTic but rather in a pseudostoichiometric proportion. 

Ihe reaction between cellulose and strong sodium hydroxide solution 
may also be looked upon as comparable to alcoholate formation. 
Thffl concept appears to derive support, although indirectly, from the 
eo-oalled viscose reaction, i.e., the conversion of alkali cellulose into 
sodium cellulose xanthate (see later). This reaction, in its turn, appears 
to be analogous to the formation of sodium ethyl xanthate from sodium 
hydroxide dissolved in ethanol or from sodium ethoxide as such and 
carbon disulfide. As a matter of fact, metallic sodium dissolved in 
liquid ammonia reacts with cellulose with the liberation of hydrogen 
to form sodium cellulosates in which one, two, or three hydrogen atoms 
p^ glucose residue are replaced by sodium.* 

It is interesting to note that the mercerizing effect usually secured at 
(dxrat 20° with a 17-18 per cent caustic soda solution is obtained at lower 
temperatures with less concentrated solutions; for example, at —10° a 
concentmticm of 6.5 per cent suffices. Whether the low-temperature 
oosubination leads to the some alkali compoimd as under normal condi- 
timis cannot yet be answered with certainty. 

Hie theory of a number of investigators that the reaction between 
(^ulose and sodium hydroxide is one of simile adsoi^tion according to 
pfQrdy phymeal laws * is not verified by x-ray analysis (p. 1700), for in 

* Mejvr, Z. Ckem^ 41 , 986 (1928) ; Mark mad Meyw, Ctttulomadtmm., 11 . 90 

(t9W). 

*8db««r and Buaaer, ‘4m. Cham. Sue., S8, 2344 (1031) ; SdMnigin and Klakannnb- 
gaailiMwtois. Ber.. M, 1713 (lOSS). 

and Caildn, J. Phy*. Cham., 99, 1 (1034); Calkiii, “Colloid 8ymp|^im 
Chtm„ 40, 38 (1030) ; Bancroft, Oid., 40. 44 (1080). 
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foUcnving the reaction, using sodium hydroxide of increadng ooncaitrar 
tion, x-ray analysis shows that true adsorption is encountered (mly below 
a concentration of about 9 per cent. Below this concentraticm the x-ray 
pattern of the fiber remains unchanged, but with increasing concentra- 
tion the diag r am begins to change and shows a very distinct alteration at 
a concentration in the neighborhood of 17 per cent.^ 

Alkali celluloses may also be obtained with the hydroxides of 
potassium, lithiiun, cesium, and rubidium. Cellulose combines with 
the first two in the same proportion as with sodium hydroxide, but it 
takes up less alkali hydroxide in the case of cesium and rubidium. It 
is interesting to note that each hydroxide shows its maxiTmim swelling 
effect upon cellulose at a definite concentration. This effect follows the 
order of the Hoffmeister series, i.e., it is greatest with lithiiun hydroxide, 
less pronounced with sodium and potassium hydroxide, and smallest 
with cetium hydroxide, and in each instance the maximum coincides 
with that concentration of the hydroxide solution at which formation 
of the alkali cellulose compound occurs.* This coincidence shows the 
beneficial effect which is realized if cellulose is made to sweU, its reac- 
tivity being increased considerably. In some cases, a certain degree of 
swelling is indispensable for enabling the reagents to penetrate eveax the 
surface of the fiber. 

Alkali cellulose is very unstable, being easily decomposed by water 
into its components. The cellulose is regenerated with a number of its 
ph 3 r 8 ical properties changed. The term "cellulose hydrate’' for the 
regenerated (mercerized) cellulose is derived from the earlier conceptiim 
that the cellulose is regenerated from alkali cellulose with one molecule 
of water chemically combined. This, however, is not the case. The 
physical changes, due principally to swelling under the influence of 
alkalies, are indicated particularly by increased hygroscopiraty, greater 
absorptive fcapacity for dyestuffs, and greater reactivity in genaral, pro- 
vided that the cellulose hydrate is not subjected to much drying. This 
increased reactivity of cellulose hydrate has also been demonstrated by 
the intensified action of enzymes, such as cellulase, which leads to tiie 
formation of glucose,* 

As stated before, the physical changes are also reflected in the x-ray 
diagram of the cellulose hjrdrates; the lattice appears slightly deformed 

’ Kata and Mark, Z. EUkiroehen., 81, 105 (1925) ; Kata and Vieweg, ibid., M, ISl 
(1926) ; V. Suaioh and Wolff, Z. phynk. Chem., B8, 221 (1930) ; Schramek and Schubert, 
Z. phytik. Chem., BIS, 462 (1931). 

* Heueer and Bartunek, Celltdcfeckem,, S, 19 (1925). 

* Kanw and lUing, Hdv. Chim. Acta, 8, 246 (1925) ; Karrer, Echubtat, and Wehrii 

(1925). 
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and widiraaed^ which might exjdain the greater reactivity of oellaloee 
^drate in oompari^m with native celiuloee.** 

The same phytical changes are observed in aU cellolose preparations 
which are obtained by regeneration, for example, from solutions of cellu* 
lose in cuinrammonium hydroxide and from esters. In the latter case, how- 
ever, the extent of the dianges depends upon the method of esterification. 

Tim mercenziDg effect (i.e., the phenomenon in its physical aspect) 
is also obtained by allowing strong inorganic acids, such as concentrated 
sulfuric or nitric acid, to act upon cellulose for a short time. Here again, 
the result is due to the swelling effect which these adds exert. 

From x-ray analysis various types of alkaU cellulose seem to exist, 
and by certain treatments it has been possible to revert the regenerated 
cdluloee, i.e., the hydrate modification, into its original native form.^ 

A number of strong organic bases, such as trimetbylsulfonium hy- 
droxide and guanidinium hydroxide and quaternary ammonium bases, 
as well as ammonia,” also combine with cellulose in varying proportions. 
Some of the quaternary ammonium bases such as, for example, trimethyl- 
bensylammonium hydroxide are able to dissolve cellulose.” 

Cellulose, steeped in sodium hydroxide solution of mercerizing 
strength and freed of most of the excess alkali by pressing or centrifuging, 
undergoes certain chemical changes when allowed to stand for a longer 
pmod of time. These changes which are grouped under the term 
“aging” chiefly consist of a decrease in the solution viscosity of the 
regen^ted cellulose, e.g., in cuprammonium solution, and an increase 
in the scdubility of the regenerate in an 8 per cent caustic soda solution.” 
Betides, the reducing power first increases, then decreases, while the 
methylene blue absorption, being indicative of the presence of carboxylic 
groups, increases. These changes and the fact that they are much less 
pronounced when a^ng takes place with the exclusion of mr and are more 
marked when oxygen is given acc^, indicate that a^g is li process of 
oxidation.^* 

** Mark, "Fbyiik uad Chemie d«r Cellulose,” Bpringer, Berlin (1033), p. 216; Siaeon, 
J. Phya. Chem^ 40, 343 (mS) ; J. Am. Chem. Soc., 63. 1036 (1936) ; Mark and Kratky, 
Z. jAygOt. Chem., B36, 130 (1937). 

” HeM and Oundeflnann, Ser., 70, 627 (1937) ; Sobue, Kiee^, and Hess, Z. phyeHc. 
Chem., B43, 309 (IMO); see also Scfaramdc and KOttno’, Kottoid-Beihefte, 41, 331 (1036). 

and Koaig, CeUvloteehem., ®, 1 (1926) ; Sisson and Saner, J. Phyi. Chem., 

43,687 (1939). 

”Bwry. PeMitii. and King. J. Am. Chem. Soe., 63, 333 (1936) ; Clark and Parksr, 
J. Phy$. 777 (1937) ; Hess and Trogus, Her., U, 1986 (1936). 

« lieaMvJ^.. m. 276 (1937) ; Bock, Ind. Eng. Chem., 39 , 986 (1937). 

Sdnister, CeUvlMeehem., 1, 17 (1026); Waentig, KoUotd-Z., 41, 164 

(mo. 

” VcUaleB and sum Tobei, Ber„ 60, 2024 (1927) ; I^ttermoser and Scbimn, KeUoid- 
m, 406 (1986) : Davidson, /. Textile Inei., 33 , T96 (1932) ; ibid., 99 , T27 and T216 

<t9m. 
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Both the decreased viscosity and the increased solubOity of the aged 
alkali cellulose show that oxidation has led to cleavage of glycosidic link-* 
ages, i.e., the chain molecules have been shortened. S^ce very little 
oxygen is required for changing the viscosity and solubility consider- 
ably, it is likely that oxidation attacks the chains at the center rather 
than at the ends.^^ On the assumption that primary valence cross 
linkages erist between individual chain molecules, it is possible that part 
or all of these cross linkages are also broken down either prior to or simul- 
taneously with the attack upon the glycosidic linkages. 

The effect of aging is appreciable only if the aqueous alkali used 
approaches mercerizing strength. Under these conditions cellulose swells 
considerably and acquires, thus, a highly reactive state. Whether the 
high alkali concentration is also essential for other reasons cannot be 
said with certainty. On the other hand, the aging effect is much reduced 
if cellulose is allowed to stand merely covered with strong aqueous 
alkali. Obviously, the layer of liquid prevents the air from entering 
the fiber from the outside. Besides, under these conditions, the micro- 
scopic and submicroscopic capillaries of the fibrous system are filled 
with liquid which prevents atmospheric oxygen from attacking the 
trmer surface of the fiber or delays this process considerably. 

Hot alkalies do not exert the mercerizing effect; they dissolve 
cellulose partly or completely, depending upon concentration, temper- 
ature, and pressure. On complete solution at high temperature and 
xmder high pressure, a variety of decomposition products of various 
sugars results, among which is found principally lactic acid.^* W. L. 
Evans and his school have thrown much light on the mechanism of alka- 
line degradation of simple sugars and various di- and oligosaccharides.'* 

Fusion of cellulose with solid alkali hydroxide results in far-reaching 
degradation. The chief product, as has been known for a long time, is 
oxalic acid.^ The mechanism of this reaction has been studied more 
recently by Fry and Otto.*” 

” Staudinger and Huaemann, Ber., 71, 1069 (1938) ; Staudinger and Juriach, Bar., 71, 
2283 (1938). 

•' Odto and lindber*. Ind. Eng. Chem., 19, 132 (1927) ; Heuaer, Paper Trade J., 89, 
No. 26, 67 (1929). 

Evana and collaboratota, J. Am. Chem. Boc., 63, 4384 (1931); 64, 698 (1932); 
Plunkett and Evans, ibtd., 60, 2847 (1938). See, also, Spengler and Pflannenstiel, Afiisw. 
Chem., 48, 476 (1936). 

Fiy and Otto, J. Am. Chem. Sac., 60, 1138 (1928). 
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COPRAmCONlUM CELLtTLOl^ 

CeUulose first swells considerably, then disperses (dissolves) in a 
sdhitbn of cupric oxide in ammonia. Ibis solvent, called “Schweizer’s 
rei^Mit” OT "cuprammonium” solution, is one of the very few solvents 
for cdOulose from which it may be regenerated practically unchanged 
diiemically, provided that air and li^^t are excluded. 

It will be remembered that the complex base, copper-tetraammino 
iQrdroxide [Cu(NH8)4(OH)3], conttuned in the cuprammonium solution, 
reacts with some polyalcohols like glycerol to form complex compounds. 
Gdluloee, too, is capable of forming a complex addition compound with 
the base, in which possibly two gluc(»e units react with one copper atom 
to form a cellulosate, which then unites with one molecule of copper* 
tetraammino hydroxide to form copper-tetraammino copper cdlulose. 
The result of this reaction may be expressed by the hypothetical for- 
mula [(C*H80g)2Cu] • [Cu(NH 3)4]. In this compound the portion 
[(C*H80fi)aCu] represents a complex anion, showing a ratio of cellulose 
^ucose units) to copper of 2 : 1. 

Cdlulose in cuprammonium solution shows pronounced levorotation 
which, according to Hess and Messmer,” is due to the presence of the 
complex cellulose copper anion. A change of the rotation value indicates 
a change in the concentration of this optically active anion. Evaluation 
of the exp«iment^ data in accordance with the law of mass action makes 
a 1 : 1 ratio of cellulose to copper in the complex anion probable. There- 
fore, the complex cellulose copper compound as it exists in solution has 
been given the formula [CgHyOgCuJa- [Cu(NH3)4]. It has not yet been 
posffiUe to isolate this compound. However, if instead of copper-tetra- 
ammino hydroxide, copper-ethylenediamine hydroxide is used, which, 
as Traube" has shown, also dissolves cellulose, a complex compound 
may be isolated. Analysis of this compound justifies the formula 
[(C^806)sCu] • [Cu(En)2] in whidi “En” represents ethylenediamine 
and which shows that in the hypothetical copper-tetraammino formula 
the four ammonia molecules are replaced by two ethylenediamine mole- 
oaks. 

Both the copper-tetraammino and the copper-ethylenediamine 
etunpousd form eooipkx metal salts. With so^um hydroxide, for 
example, a cconpound of the formula [(CeH80s)3Cu]>Na2 is obtained 
whkh, after its discoverer, k also known under Ihe term “Normann com- 

« Bms M cwmw. Ber., S4, 834 ; SB. 2441 (1932) ; 8«, 687 (1923) ; Z. pkvtik. 

Ckmi„ 141^430 (lflS9) ; laa, nJao. Bew, "Die CSiemie der CieQuloee,*' Alud. Veriace^Jee. 
X«4lld«(li»S8),D.3»4. 

** Iteidw, Ber.. 4A 8819 <1911) ; Tnwbe and Funk. Ber., M, 1470 (1930). 
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pound.” ** Corresponding compounds are formed with the alkaline earths 
and with thallium nitrate.** 

Cellules may be regenerated from its s(^ution in cuprammonium 
hydroxide by means of alcohols, dilute acids, ammonium chloride, and 
many other salts, as well as by alkalies. No chemical change can be 
recc^nized, provided that regeneration is brought about not too Icmg 
after dissolution and that the dissolution took place with earful 
exclusion of oxygen (lur) and light.*® In the presence of air, cdlulose dia- 
Bolved in cuprammonium solution is very sensitive and imdergoes partial 
oxidation. This change, which is chanced by light and which under 
these conditions becomes measurable after only a few minutes, is indi- 
cated by a decrease in the viscosity and an increase in the solubflity of 
the regenerate in 8 per cent caustic soda solution. 

Cuprammonium solution, because of its pronounced solvent power 
upon cellulose and the fact that it does not degrade it if proper pre- 
cautions are observed, is the most suitable solvent for any cellulose 
preparation the viscosity of which is to be determined.** 

Cellulose may also be dissolved in solutions of a number of electrolytes, 
particularly in those which exert a pronounced swelling effect upon it, 
as, for example, the thiocyanates. Usually, an elevated temperature is 
required to achieve dissolution, and the cellulose is more or leas de- 
gnuied.** Recently some mineral acids (particularly pbospborie acid) 
have been described as good actual solvents for cellulose, when uwd with 
proper precautions.** The use of quaternary ammonium bases as sol- 
vents has been mentioned before.** 

*’ Normann, Chrm. Ztg., 80, 684 (1906); Hess and Mesaroer, Ber., 60, 2432 (1922); 
Traube, Ber., 66 , 1899 (1922) ; Heuser and Br6U, Papier-Fabr., *8, 238 (1927) ; Hess and 
Trogus, Z. phytik. Chem., A146, 401 (1929). 

« Traube and Funk. Ber., 69, 1476 (1936). 

“Soheiller, MiUiatui Texltlber., 16, 787 (1936): see, also, Heuaer, “Lehrhuch der 
Celluloaecbenue,*’ Borntraeger, Berlin (1927) 3rd ed., p. 176; Staudinger, "Hie hocbmide- 
kularen organischen Verbindungen,'* Springer, Berlin (1932), pp. 494, 495; Bancroft and 
Hamaay, paper presented before the Amenesn Chemical Socaety Meeting at Pittaburid^ 
September, 1936. 

" Standard method suggested by the American Chemical Society, Cellulose DiTiskm, 
Ind. Eng. Chem., Anal. Ed., 1. 49 (1929) ; Dor6e. "The Methods of <3eauIoae Chemistry,'' 
Van Nostiand, New York (1933), p. 62. 

” von Weimam, KoUoid-Z., 11. 41 (1912) ; SO, 197 (1921) ; 86, 103 (1926) ; Stmngroever, 
CeUvlotechem., 8, 37 (1927) ; Heriog and Beck, Z. physiol. Chem., Ill, 287 (1920) ; Henog, 
KMm4-Z., 89, 98 (1926) : StaUdinger, “Die kochmolekularen organischan VerUndungHt,” 
p. 492; £rbriixg and Qeiiuts, KoUdd-Z^^ 84^ 25 (1938). 

^ af Bar., 99, 549, 553 (1936). 
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Jost as an alcohol undergoes esterification with an acid m the 
l»Qsence of a dehydrating agent or by the action of an acid chloride, 
80 celluloBe may be converted into esters. It has not always been 
posrible to convert all three hydroxyls into ester groups, and esterifi- 
cation may arr^ itself at two hydroxyls and sometimes even at one. 
Again, such a course of the reaction is due to the peculiarities of the 
mieroseopic and submicrosoopic structure of the fiber which causes 
the hydroxyl groups of the chain bundles to be not equally accessible. 
Moreover, the fact that the three hydroxyl groups available in each 
glucose residue are not equivalent may also influence the course of the 
reaction. To facilitate the access of the agents and thus to complete 
the reaction within reasonable time, esterification is allowed to take 
place in the presence of swelling agents such as « strong mineral acid or 
certain salts. In commercial practice these agents are known as 
"catalysts.” Under such conditions, however, cellulose becomes con- 
siderably degraded, particularly if esterification is allowed to take place 
at elevated temperature. The result of esterification, then, is a mixture 
of molecules of greater and smaller chain length, among which the 
esters of even oligosaccharides, cellobiose, and glucose may be found. 
If degradation is to be avoided, the use of degrading swelling agents 
must be omitted, in which case a very long time is required for complet- 
ing the reaction. 

The cellulose esters are soluble in organic solvents, each ester having 
one (or more) most suitable solvent or mixture of solvents depending 
upon the balance of polar and nonpolar groups present in the ester and 
similar groups present in the solvent or solvent mixture.** The extent to 
which the esters dissolve may often be used as an indication of both the 
degree of substitution and the degree of polymerization. The viscosity of 
the elution is dependent primarily upon the extent of degradation which 
the cellulose has undergone on esterification, low viscosity indicating a 
far-reaching d^radation, and vice versa. In addition, the degree of 
substitution may be a governing factor. 

The- cellulose esters, like aliphatic esters, yield to saponification, 
whereupon cellulose and acid are obtained. Sometimes it is possible to 
regenerate the oeQuloae without further degradation, and in this case 
an investigation of the r^^erate (e.g., by determining its viscosity in 
cup mtnmqpium solution) shows how much degradation the cellulose 
has sufi^P during esterification. 

* Trtau. Fanaag Soe^ SS, 67 (1926) ; Z. phgtik. Chem., 1S4. 245 (1926). 
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CeMuloae miratee (nitrocellulose, nitric add esters) may be obtained 
by treating cellulose with a mixture of nitric and sulfuric add or other 
mineral adds containing a certain percentage of water, at a temperature 
prderably not higher than 40®. The reaction may be expressed by the 
following equation: 

C,H,040H + HONOj C,H.040N0* + HjO 

Of the factors governing the process, the water content of the add 
mixture is of predominating influence upon the characteristics of the 
nitrocellulose, particularly upon its nitrogen content and its solubility 
in certain solvents, such as ether-alcohol mixtures. The use of higher 
temperature, although being of favorable influence upon the velodty of 
reaction, would be detrimental, considering the fact that the add mixture 
not only brings about esterification but at the same time exerts a hydro- 
lyzing and oxidizing effect upon cellulose; besides, the acid tends to 
hydrolyze the ester. The results of the side reactions are impurities 
which have to be removed in order to obtain a stable ester. Purification 
(“stabilization”) may be accomplished by boiling the nitrate with water 
for many hours. This treatment also removes the residue of sulfuric 
acid present in the unpurified nitrate in the form of ceUulose sulfates. 
On standing, the sulfates tend to become hydrolyzed, and the presence 
of free sulfuric acid gives rise to decomposition of the nitrate. Drying 
of nitrocellulose should be avoided, since it is easily inflammable. The 
higher nitrates, if detonated by a blow or by the aid of mercury fulminate, 
are highly explosive. 

The nitration acid displays its maximum power of substitution if the 
nitric acid is present as a 100 per cent HNO 3 . The dehydrating proper- 
ties of sulfuric acid are utilized in the acid mixture for approaching this 
concentration of the nitric acid since the sulfuric acid takes up both the 
free water in the system and the water formed on reaction. Although 
nitration may be accomplished by water-free nitric acid,*® water is used 
for maintaining a high acid ratio (efficient diffusion) in a more economi- 
cal way. 

Sulfuric acid may be replaced by phosphoric ** or by glacial acetic 
acid.*® Phosphoric acid has been foimd to yield cellulose trinitrate of the 
theoretical nitrogen content, 14.17 per cent, C 6 H 702 ( 0 N 02 ) 3 , which is 
not obtidnable with sulfuric acid as the dehydrating agent because of the 

** Rogovin and Tichonov, CWfu^otecAetn., 18 , 102 (1934) ; Dalmon, Ch ft din , and 
Briaaatid, Comjjt. rend., tOl, 664 (1935). 

Lunge and WMnixaub, Z. on^ew. Chem,, U, 445 (1899) ; Beil and Busff, CeH u to w - 
14 , 116 (1983). 

Trogiu, B«r., 84, 406 (1931). 
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tioD and iQndrd^ni^ 

*1116 jB^uots at tlM lower stages of subetitutaoii, which are of oom- 
ogteroial i&traest, may be prqiared by inoreaffing the water oontent of 
the add mixture ov^ that required for prepaiiug the trinitrate.** 

On nitratbn oellubse retains its fibrous structure, for the nitration 
reaction proceeds at a rather fast rate and thus prevents the adds frcnn 
p^tirdng and disp^inng the fiber. In addition, the entry of a nitrate 
grmip stabiliaes the oellulosic constituent against d^adation. The 
velodty of reaction, which sometimes may require only seconds for 
leadung a relatively high nitrogen content, would permit the condusion 
that the reaction advances quiddy throu^ the entire inter- and intra- 
mioellar structure of the fiber in a “permutoidal” fashion. This type 
of reaction seems to lead to a rather uniform distribution of nitrate 
groups ov^ all chain molecules. However, the incompletely nitrated 
product is evidently not a mixture of individual mono- and disubstituted 
with trisubstituted cellulose, for it has not been possible to separate an 
inoompletely substituted nitrate into fractions of substantially different 
nitrogen content. 

By analogy with results obtained in the methyl glucoside series only 
nitrate groups in the sixth position are considoed to be replaced by 
iodine when mtrocelluloBe is subjected to the action of anhydrous sodium 
iodide.** When this reaction was allowed to take pla<» with low-substi- 
tuted nitrates (2.5-fi.l per cent nitrogen content) it was found that at 
least 44 pa- cent of the nitration had occurred in the G-position. This 
result might be interpreted to mean that the primary alcohol groups of 
edlulose react at a faster rate than the secondary groups. 

In contrast to tiie constancy of the nitrogen content, nitrocellulose 
fractions whidi may be prepared according to various techniques vary 
ooauddmibly as to viaooaty and other physical properties, which shows 
nitioceUulose to be rather heterogeneous in respect to chain length. 
Hie dogree of homogeneity is a commercially important characteristic 
si&oe it influences the properties of the products (films, etc.) prepared 
from nitrocellulose.** 

With nitric acid of lower concentration (62-68.6 per cent) than 
lequired fos* nknlion (75-77 p^ cent), eellaloBe forms an addition com- 
ponnd wMdi, because of ite discoverer, k called “Knecht’s compound” 
and wM^ has been ^vmi the formula CeHioOs'HNOs'HaO. Its first 
aiipeaiaiioe may be oiieerved by x-ray photography.** 

** Bwl, Andnw, wid EmsIm, KvuttUUiff*, ST, 23 (1037). 

** Mttmy hm) Potvm, /. 4m. Chem. Boe., M, 31M (KMO). 

•Ibnu&i. Jmf. Ens. Chtm^ M. 086 (1038). 

•lEtesaa CtOtAMtAmi^ U, KM (1084). 
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X<-ray analysis also allows the process of nitratum to be followed to 
a oertain ext^t. Obviously, only the trinitrate poseessra an ordered, 
i.e., crystalline, lattice structure whereas the intermediate stages are 
capable of yielding only an amorphous pattern.” 

The nitric add esters may be hydrolysed by means of strong sulfuric 
add. Tlie inorganic group is quantitatively regenerated as nitric add, 
while the cellulose is largely degraded. Such degradation also occurs 
with most of the oth^ methods in which the nitrogen may be liberated 
as such, or in the form of nitric add, nitric oxide, or other nitn^en com- 
pounds. 

On saponification with aqueous alkali, whereby most of the nitrogen 
is recovered as nitrite, the cellulose becomes oxidised by the oxygen of 
the nitrate groups.** However, with potasdum or ammonium hydiosul- 
fide which also convert all the nitrogen into nitrite, cellulose emerges 
with somewhat less degradation.” 

Nitrocellulose is used commerdally, among other purposes, for the 
manufacture of smokeless gun powder, in films for motion pictures, and 
for plastics, such as celluloid, which is a mixture of nitrocellulose and 
camphor. The manufacture of rayon from nitrocellulose was abandoned 
in this country a few years ago. Bayon from nitrocellulose was the 
first artifidal cellulose fiber commercially produced (Coimt de Char- 
donnet, 1884). 

In regard to cellulose sulfates the reader may be referred to the litera- 
ture references below.” 

Ceiiulose aceUUes are usually obtained on treatment of cellulose with 
a mixture of acetic anhydride and gladal acetic acid in the presence of 
agents which exert a marked swelling action upon cellulose. The 
acetic acid acts as a diluent and solvent for the acetate. Sulfuric add, 
sulfuryl chloride, zinc chloride, perchloric add, and many other "cata- 
lysts'’ may be used. Simultaneously these agents exert a degrading 
effect upon cellulose, which is enhanced at elevated temperature. Under 
the influence of the reagents cellulose g^dually loses its fibrous structure, 
passing into the state of a thick paste and finally into a viscous dispersion 
(solution). After acetylation is completed, the solution is poured into 
water whereby the adds and most of the water-soluble products of 
degradation are removed and the acetate is obtained in the form of white 

** Stoon, Jnd. Eng. Oum., SO. 530 (1038). 

•• E«nyoB and Gray, J. Am. Chem. Soc., S8, 1423 (1930). 

"RaMOW aad D5rr, J. proJbi. Chtm., 208, 113 (1924); Staudingar and Motu', 

TO, 2800 (1937). 

” Heuaer, "Lehrbuoh dw CelluloaBchamia," p. 64; Tnuibe, Blaaer, and Onuurl, 

01, 764 (1028) ; U, 003 (1932) ; Oebatter-FOOn^ Stevana, aad Biailair, RcTm 81, 2000 
(1828). 
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#odlb. ^en Bolfurie a«id is used as '‘catalyst,” tbe eatrar still contains 
a oeftain, tibougii aznall, amount of combined sulfuric add which, how- 
ever, k reduced to a fraction of a tenth of one per cent on bcaUng in 
water (“atalnliaation”). 

Giadal acetic add alone has very little effect on cotton cellulose at 
romn temperature, but on boiling, a few per cent of acetyl groups may 
be introduced. This amount may be considerably increased with 
oellulosic materials of lower degree of polymerisation and of greater 
reactivity.®' ® 

Under simUar conditions acetic anhydride (without the presence of 
a catalyst) is more potent. Thus, it has been posdble to prepare an 
acetate with 54 p^ cent combined acetic add from mercerised cotton 
cellulose by bdling with acetic anhydride for 580 hours.® 

Although they retain their fibrous structure the products of reaction 
suffer a great deal of degradation under such severe conditions. 

Acetylation in the presence of “catalysts” proceeds at a considerably 
slower rate than nitration, the reaction being more of a topochemical 
nature.® The intermediates which may be isolated after certain intervals 
daring the earlier stages of esterification are mixtures of fully and partly 
aoetylated chains with others not yet acetylated. However, as the mix- 
ture approaches the state of solution the reaction becomes more homo- 
geneous, and substitution proceeds more uniformly until the triacetate is 
readied. Thus, tmly the triacetate, after the water-soluble esters have 
been removed, may be regarded as uniform as far as substitution is con- 
cerned ® (theoretically required for CaH 702 ( 0 C 0 CH 8 ) 8 , 44.8 per cent 
aoe^l or 62.5 per cent combined acetic acid). However, in all acetates 
wbidi are prepared in the presence of auxiliary agents of the type men- 
tioDed above, the cellulodc constituent is degraded to an average chain 
teagth far below that of the oripnal oellulosic material. 

By diluting the acetic anhydride-sulfuric acid mixture wirii benzene 
or carbon tetrachloride, i.e., liquids in which the acetate is insoluble 
and whkh obviate the swelling effect of the catalyst to a conriderable 
extoit, the fibrous structure of the ori^nal celluloee is maintained. Thus 
a product suitable for maldng x-ray fiber diagrams is obtained and, as in 
nitnrion, acetylation may be followed by x-ray analyris of samples 
ialten at intervals. As on nitrarion, the x-ray pattern of the original 
oelhiloBe does not diange until a rather high combined acetic add 
ocmtent has been readied. This state is foUo^red by the appearance of 

® CRMa and Tnujoair. CHem. Ztg^ St. S28 (1905) ; Slatm and Clarka, J, Am. 

dm*- See., It, 274 (1929). 

« Bwaoutil. ScbMk. and Hacanbneli. ffeb. CMn. Aeta, 11. 539, 55a 567 (19^. 

^Kaaimwa, Aid., 17, 14S9410U). 

®0«> Z. oNirn. C»em„ ». SS, 7B, 82 (1919). 
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a mijced oelluloseHsdlltilose triacetate pattern which giaduaily gtvea way 
to the exclusive tnacetate diagram. Another way of following the 
process of acetylation, also adaptable to nitration, “ is to observe the 
change in double refraction of the fibers undergoing esterification.* 
Whereas the cellulose constituent in fibrous acetates prepared in 
the way indicated above is still d^raded, although less than on acety- 
lation in solution, practically undegraded fibrous acetates may be 
obtained by omitting the sulfuric acid (or other d^rading catalysts) 
and, instead, applying acetic anhydride alone, dissolved in p 3 rridine.** 
Incompletely substituted acetates with their acetyl groups more 
uniformly distributed than in products attainable by incomplete acety- 
lation may be obtained by “partial hydrolysis” * of the triacetate, for 
instance, with dilute mineral acids according to a process suggested by 
Miles for commercial purposes or by modifications thereof.*’ Such par- 
tially “saponified” (“secondary”) acetates (varying from 65 to 59 per 
cent combined acetic acid content) are soluble in acetone in contrast to 
cellulose triacetate which is insoluble in this cheap and practical solvent. 
From a commercial point of view, acetone-solubility is of considerable 
importance; it is essentially a function of the acetyl content but seems to 
be governed also by the distribution of covered and uncovered hydroxyl 
groups. By allowing p-toluenesulfonyl chloride to act upon a commer- 
cial secondary acetate and by subsequent replacement of part of the 
tosyl t groups by iodine or chlorine, Cramer and Piuves ** found that 
partial saponification involved the removal of acetyl groups from pri- 
mary and secondary positions in approximately the same proportion. 
On reacetylation a triacetate is obtained which again is insoluble in 
acetone. The introduction of tosyl groups into secondary cellulose ace- 
tate proceeds rather rapidly at first but slows down very definitely after 
some time. The application of the iodine reaction to a tosyl cellulose 
acetate which had been isolated at this point, i.e., after about one-third 
of the free hydroxyl groups of the secondary acetate had been tosylated, 
showed that at least 84 to 90 per cent of the uncovered hydroxyl groups 
of the secondary acetate were in the primary position. Possibly the 

MShring, WuB. Ind., 1, 70 (1923) ; Spence, J. Phyi. Chem., 43, 866 (1939). 

** Heea and Ljubitscb, Ber., 61, 1460 (1928) ; Staudinaer and SchweiUer, Ber., 63, 3132 
(1030) ; Staudinger and Daumiller, Ann., 636, 210 (1037). 

* In the Gennan literature the term “saponificatioD” is used regardleaa of whether the 
hydrolysing agent is an aqueous acid or an aqueous alhali. 

"Miles, U. S. pat. 838.360 (1904); Ost, Z. ongeie. Ch»m^ SB, 66, 72, 82 (1010); 
Eied and Sohrodt, Z, ongsw. Chem., 44, 933 (1931). 

t According to a suggestion by Hess and Pfieger, Ann., 507, 48 (1033), “tosyl" ia used 
as an ablxeviation for p-toluenesulfonyl. 

" Cramer and Putvm, J. Am. Chem. Soc., 61, 3468 (1030) ; eee, also, Camw, Hockett, 
and Purves, Aid.. 61. 3463 (1039). 
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poKOoe Is A seemdaiy acetate of a oertain number of free primary 
fayditnyl gnmpa is essential toe causing soluhiHty in acetone. 

The most ecnnmon solvent for cellulose triacetate is chloroform or 
a mixture of diloroform and aloohoL Sudi a solution (as well as solu- 
tions of oelluloee triacetate in tetrachloroethane and in pyridine) show 
oprical kfvorotarion, which, howem’, inverts into dextrorotation when 
aoetybtion is carried to the state of acetolysis.** 

Complete h3rdroly8i8, which may be brought about by means of 
arids or alkalies, r^enerates the acetic acid (which may be determined 
analytioally and the oelluloee m a more or less degraded form, depend- 
ing upon the agent used and the conditions chosen. However, degrada- 
tion during regeneration may be avoided by applying an alcoholic 
scdution at sodium ethoxide or a methyl alcoholic sodium hydroxide 
sdurion in a nitax^en atmosphere, or by dimolving the acetate in cupram- 
monium solution, again with the exclusion of air.** 

The .cellulose acetates are of considerable commercial interest. 
Their im^)mtieB vary with the degree of polymerization and the degree 
of substitution. Th^ are used chiedy for the manufacture of lacquers, 
idastics, and acetate rayon.** 

Of oth«r organic acids,** the following have been more or less success- 
fully used for estmification of cellulose: formic, chloroacetic, carbonic, 
propionic, butyric, stearic, lauric, palmitic, caprylic, and oxalic and other 
dibasic acids; also aromatic acids, such as benzoic, phthalic, cinnamic, 
and a number of sulfonic adds, particularly p-toluenesulfonic add. 

Eskrt of p 4 oiuene 8 ti(fonic acid, CeHg040S02CeH4CH3, are obtained 
by the action of the chlcmde of p-toluenesulfonic add on cellulose in the 
presence of strong aqueous sodium hydroxide, pyridine, or other organic 
bases. The reaction may be represented by the following equation ; 

(CtH»040H).-|-ClS0j-C.H«CH, -*■ (CeH,04-S0, CeH4CH,), -i- HCl 

In order to reduce contamination of the ester with combined chlorine 
and nitrogen (if pyridine is used as a base) low esterification temperature 
has proved favomble. Under these conditions not more than two 
hydroxyl groups per g^oose imit are replaced by tosyl groups, which 

« Oft, Z. onfew. CImn., M. 97, 88 (1010). 

'*8m tlie rvriew fv Qmaat and MflUtt, Ind. Sng. Chm., Anal. Ed., tt, 360 (1041). 

** ZwiiiiUa, 1827 (ll»e). 

'*8>tfndiBCBr|iiik1ldnra(tMr, 8ar^ 63, 3132 (1030) ; StMidinger and DmumiU«r, Ann., 

sat, 286 (10S7|^|%‘ ■ 

** *i(. Chem.. tS. 616 (1038) ; Ott, Md.. SO, 1641 (1040). 

dw CfUulow,” a. 428; Manii and Wood, "As Istoodsoiion to 
il» CSiMdflti^WOchtiiaMi,” Vm Nofbsad, New York (1080), a. 183; Malm and Fordyce, 
Ind. AV. Ckml 01. 4D8 (1040). 
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may be interpreted to mean that two hydroxyl grcHipa ol the 
reddue are more eadly replac®! than the third “ J udging from the 
results obtained on the tosylation of secondary cellulose acetate dis- 
cussed above it is likely that the primary alcoholic hydroxyl group is 8ul> 
stituted first. 

Under the influence of ammonia and aliphatic nmitw»«j part of the 
tosyl groups are removed, while the fiber takes up a small amount of 
nitrogen. The assumption that to^l groups are thus r^ilaced by 
amino groups “ could not be confirm^. It is probable that the gmnH 
amoimts of chlorine contained in the tosyl ester are responsible for the 
combination with correspondingly sTTm-ll quantities of a.mTnnniii. and 
amine.” 

Mixed cellulose esters may be prepared by successiYe esterification 
with the respective agents. Nitrocellulose acetates and nitrocellulose 
benzoates have been known for some time. More recently, acetopro- 
pionates and aoetobutyrates as well as acetophthalates have beccane of 
interest since their properties and compatibility with plastidzas seem 
to offer considerable commercial p<MsibiIities.** 

Cellulose Xanthates. If carbon disulfide is allowed to act upon 
cellulose containing an excess of strong aqueous alkali a reaction takes 
place which may be expressed by the following equation: 

OR 

/ 

R-OH + NaOH f CS, -» 0=S + HiO 

CelluloM 

SNa 

The product of reaction is the sodium salt of the dithiocarbonic add 
ester of cellulose, sodium cellulose xanthate. 

In this form the reaction is comparable with the formation of sodium 
ethyl xanthate which may be obtained by allowing carbon disulfide to 
react either (hrectly with sodium ethoxide or with a solution of sodium 
hydroxide in ethyl alcohol. In the latter case we are dealing with an 
equilibrium reaction, thus: 

CjHiOH + NaOH ^ C,H»ONa + HjO 

^ Sakurada and Nakaahixna. Set. Pajiers Jn*t, Phyt. Chem, Research 6, 214 

(1927) ; Heas and Ljubitsch, Ann., SOT, 62 (1933) ; Bernoulli and Stauffer, Bel*. C%tm. 
Acta, SS. 627 (1940). 

^ Earrer and Wehrli, Z. angeic. Chem,, 89, 1509 (1926). 

” Heei and Ljubitaob, Ann., SOT, 68 (1933); aee alao Sakurada, J. Soe. Chim. Jnd. 
Japan, eupplemental binduig, St, IIB (1929). Actually, ammocellulose baa been pre- 
pared recently bx allowing aodium amide to act on oeliuloae nitrate in liQuid a n i in o nia , 
Scherer and Feild, Rayon TezHi* Monthly, 8t, 607 (1941). 

** Fordyce, Salo, and Clarke, Jnd, Rng, C/tam., SS, 1812 (1986) ; Fotdyee aad Hagrea; 
dWd.. 88, 1056 (1940). 
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but tite ^e<«npo8ition of the alkoxide by the water formed is pie- 
viffited by the presence of carbon disulfide because it quickly converts 
the sodium ethoadde into sodium ethyl xanthate, which is practically 
stable to water. 

likewise, the action of sodium hydroxide upon cellulose may be 
'newed as an equilibrium reaction, and, whereas this reaction tends to 
shift to the left, the presence of carbon disulfide will cause it to proceed 
in the oppoedte direction. In other words, small quantities of sodium 
oeUulosate are continuously converted into sodium cellulose xanthate 
until the amount of carbon disulfide added is consumed. 

Since cellulose xanthate formation proceeds at a relatively slow rate, 
the carbon disulfide has ample opportunity to react also with the aqueous 
sodium hydroxide to form sodium carbonate and sodium trithiocar- 
bonate (Na^CSa). Thus, the yield of xanthate will depend upon which 
of the two ocMnpeting reactions proceeds at the faster rate. 

Cellulpse in the absence of alkali does not react with carbon disul- 
fide. OhAnously, the formation of sodium cellulosate as a preliminary 
step is indi^nsable. As a matt^ of fact, the xanthate reaction takes 
place only if ceUulose is treated with alkali of a concentration at 
which the alkali cdlulose compound is formed.®* Likewise, dimethyl 
cellulose, which does not combine with alkali, is unable to form a xan- 
thate. However, methyl cellulose of a lower degree of substitution, 
which combines with alkali, undergoes the xanthate reaction.®*’ ®* 

The degree of substitution in cellulose xanthate depends essentially 
upon the amount of carbon disulfide applied and upon the degree of 
contact between the reactants. With a quantity of carbon disulfide 
corresponding to one to two molecules per CeHioOs unit, a xanthate 
is formed which carries one xanthate group per two glucose units, 
NaS— CS-0(C6H904)20H. 

This fonnula is confirmed by the fact that the 1 : 2 ratio of xan- 
thate groups to glucose residues is maintained on converting the 
xanthate into a derivative, namely, by allowing diethylchloroacetamide 
[CICH3CON (C2H8)2] to act upon the xanthate.** In this derivative, the 
composition of which justifies the formula 

0<CiH,0«)*0H 

/ 

O-S 

\ 

SCHjCONfCiHt)* 

Sdnwter, CdMoiedum., 7, 29 (1926). 

' MO (1926). 

St£i, and Mattiias, Anfaw. Chm., 47, 602 (1934). 
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ttie ratio of the diethylacetamide radical (and the nitrogen ccmtent 
the derivative) to ^ucose readues is again 1:2. 

It is doubtful whether the composition of the xanthate having the 
ratio of one xanthate group per two glucose residues may be interpreted 
to naean that only surface-exptosed hydroxyl groui» are involved.*^'® 
In view of the fact that the strong alkali used causes not only inter- but 
also intramicellar swelling it is very probable that inter- and intramicellar 
hydroxyl groups are involved in the formation of the alkali compound 
and that of the xanthate. 

Although some evidence indicates that in the reacting glucose residues 
it is the hydroxyl group in the 2-poMtion which undergoes the xanthate 
reaction, it is doubtful whether the reaction under conditions which re- 
s\dt in a ratio of sodium to sulfur to cellulose of 1 : 2 : 2 is confined to 
this hydroxyl group.® 

By employing a larger excess of carbon disulfide, particularly if such 
an excess is incorporated into the alkaline solution of a partially sub- 
stituted xanthate, the degree of substitution may be raised to almost 
two xanthate groups per glucose unit.®- ** Moreover, cellulose dis- 
solved in a quaternary ammonium base is capable of taking up nearly 
three xanthate groups per glucose unit.® It is significant that trisodium 
ceUulosate, prepared by the action of sodium metal dissolved in liquid 
ammonia, under certain conditions, yields sodium cellulose trixanth- 
ate.*’ 

The solution of cellulose xanthate in water or dilute alkali is termed 
viscose. It is of a colloidal nature and possesses a very high viscosity 
and an orange color, the color being due to contamination with sodium 
trithiocarbonate. The trixanthate is also soluble in methyl alcohol and 
in acetone. 

The partially substituted xanthates may be precipitated from their 
solutions by means of alcohol or electrolytes, such as sodium or ammon- 
ium chloride or weak organic acids. Under the influence of dilute acetic 
add the inorganic salts are decomposed whereas the xanthate is pre- 
cipitated practically imchanged. With mineral acids cellulose xantMte 
is also predpitated but quickly decomposed into cellulose, carbon disul- 
fide, and the sodium salt of the add. The cellulose constituent emerges 
from this reaction in the form of cellulose hydrate, i.e., it shows the 

® Lieser, Ann., 470, 104 (1029) ; 4B3, 135 (1930). 

® Schramek and KOttner, KoUoid-Beihtfte, 41, 221 (1935). 

® lieser and Lecksyck, Ann., US, 66 (1936). 

“Geiger, Seh. Chim. Acta, IS, 287 (1930). 

“ Soberer and Miller, Rayon Textile Monthly, S9, 478 (1036). 

" Scherer, Qotacb, et al., BvU. Yirfinia Polx^ech. Inet., Eng. Expt. Sto. Series Bull, 
No. 89, 3 (1939). 
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and tibe altered 3r-ray diagram of this odlulose modifi- 
eationu Besides, the r^enetated ceilulose possesses a lower degree of 
pc^ymermtion than the starting material which is due to ilie action of 
atmoeqfdierie o^sygen during the preparation of the alkali cellulose, 
parricubuly if tlie latter was subjected to aging (see above) and during 
xanthation.**’ *’ If air is excluded from these processes, the cellulose 
cmustitumit of the xanthate is not degraded. 

On standing, viscose undergoes certain colloidal and chemical 
change which are grouped under the term “ripening.” The viscosity 
of &e highly hydrated sol, which is high immediately after dissolving, 
gradually drops to a minimum, probably owing to a tendency of the 
originally coarse particles to become more fully dispersed and to undergo 
dehydration.^" On further standing, the viscosity increases again, and, 
probably favored by the salting-out effect of the inorganic by-products- 
eventually becomes so high that it cannot be measured any longer. The 
system has developed a gel structure. On still longer standing, the gel 
undeigoes syneresis. Viscose, thus, displays such colloidal changes as 
are duuacteristic of lyophylic colloids; they often occur without any 
change to the chemical composition of the colloid. In viscose, however, 
the colloidal changes are accompanied by a gradual hydrolysis of the 
xanthate which hastens the alteration of the colloidal state without 
necessarily being the only cause of the alteration. 

Under the influence of hydrolysis the xanthate loses more and more 
of its xanthate groups. Sodium dithiocarbonate, which is possibly 
formed as an intermediate, decomposes into carbon disulfide and sodium 
hydroxide, which, in turn, react to form sodium carbonate and trithio- 
earbonate. Eventually, cellulose is regenerated, although it still contains 
a small quantity of sulfur. The ratio of sodium to sulfur to cellulose in 
the intmnediate xanthates which may be isolated during ripening reflects 
the gradual loss of xanthate groups, but the ratio is not understood 
to indicate that the constituents are present in stoichiometric pro- 
portions. 

The cdloidal ^te of the solution during ripening is indicated by its 
behavior wiUi electrolytes. The farther the ripening has proceeded, the 
less ci a sedution of an electrolj^ is required to bring about coagulation 
of the dii^jecsed compound. 

The r^nerated cellulose possesses practically the same degree of 
polymerization as the cellulose constituent of the xanthate before di»- 

^ Beferenoe 69, p. 41. 

•• Lottennowo- and Wultoeh. KaUaid-Z., 88 , 180 ( 1938 ). 

and Chamia dar CaUuloaa," p. 269; Moore, SOk and Savon, 8. 807 

( 1884 ). 
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Bolviiig, wluch shows that, on ripening, the ceUulose constituent of the 
xanthate is not degraded.*** ** 

Commercially, viscose is used chiefly for the manufacture of cdlo- 
phane and viscose rayon. About 80 per cent of all rayon is produced 
by this reaction, which was discovered by Cross and Sevan in 1893. 

CELLULOSE ETHERS 

Cellulose ethers may be obtained in the same way as aliphatic 
ethers, for example, by the action of alkyl halides or alkyl esters of 
inorganic acids upon alkali cellulose. What has been said with regard 
to the heterogeneous nature of the esterification reaction holds true also 
for the conversion of cellulose into its ethers. The mono- and diethers 
must be regarded as mixtures, and only the triether represents a homo- 
geneous product. More recently, as a result of evidence from fraction- 
ation, it has been claimed that even trimethylcellulose is a mixture.’* 

It appears that cellulose is even more resistant to etherification than 
to esterification, and the reaction proceeds the more easily the more the 
cellulose has been degraded.’* Thus cellulose regenerated from solutions 
or from processes of oxidation or from the action of acids may be con- 
verted into ethers within a shorter time than imtreated native cellulose.’* 

Methyl and Ethyl Ethers. Methyl cellulose is of special scientific 
interest because, as will be seen later, it has greatly assisted the endeavors 
to elucidate the chemical constitution of cellulose. Both methyl and 
ethyl cellulose are prepared commercially and have found many uses. 

The usual way of preparing methyl cellulose in the laboratory con- 
sists in allowing dimethyl sulfate to react with cellulose in the presence 
of strong sodium hydroxide solution at a temperature of about 60®.’* 
The reaction, which may be represented by the following equation, 

C*H»04 0H + (CH80)2S0j C«H »04 0-CH* + CH,0-S0s0H 

is exothermic, but the heat develo{)ed does not suffice to accelerate the 
reaction to any great extent. Usually more than one methylation is 
required to reach a high degree of substitution (the triether requires 
45.57 per cent methoxyl).’® Methylation may be facilitated if the 
hydroxyls of the cellulose are first converted into acetoxy groups. It 
appears feasible first to methylate to the dimethyl stj^, wMch is 

” Hess and coUaboraton, CeUidowchem., 16, 78 (1935). 

** Conaway, Ind. Eng. Chem., SO, 616 (1938). 

’•Houaer and Hiemer, CeUnlotechem,, 6, 101, 126 (1926). 

’* Denham and Woodhouae, J. Chem, Soe., 103, 1736 (1913) ; 106, 2367 (1914) ; lU, 
244 (1917) : 119, 81 (1921). 

’* Heuaer and von Nenenatein, CeUuloMehent., S, 92 (1922) ; Irvine and Hint, / . Chant. 
Soe.. Us, 629 (1023). 
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Ktsily readied, iiien to aoetjdate to dimethylmocoaoetyl- 
ee&ukMse, and then methylate again, whereupon the acetyl is saponified 
and replaced by the methyl group. The trimethylate thus obtained 
contains 45.42 per cent methoxyl, but is that of a considerably degraded 
cdlulose." 

One may also subject the acetone solution of a secondary acetate to 
the action of dimethyl sulfate and alkali.^* Also this method facilitates 
methylation, but in neither case has it been possible to reach the 
theoretical value of the triether unless the acetate (or the cellulosic 
matmal) used has a relatively low d^ree of polymerization.” Nor 
does it seem to be possible to prepare trimethylcellulose, in which the 
cellulose constituent is not degraded, by the action of methyl iodide on 
trisodium cellulosate in liquid ammonia.^* 

Methyl cellulose is soluble in water to an extent depending upon its 
degree of polymerization and its methoxyl content.’* Products pre- 
pared in the usual way, Le., from fibrous cellulose or from an acetate, 
which contain 1.5 to 2 methoxyls per glucose unit are soluble in cold 
water. On heating they are precipitated, and on cooling they go into 
solution again, which may be explained on the assumption that hydrates 
are formed which suffer cleavage on heating.” Above the ratio of two 
methoxyl groups per glucose residue the products become more and 
more hydrophobic. On the other hand, if methylation is carried out on 
cellulose dissolved in a quaternary ammonium base, as little as 0.7 
methoxyl group per glucose residue (corresponding to about 12 per cent 
methoxyl) suffices to make the product water-soluble. This result is 
probably due to the fact that the reaction takes place in a more homo- 
geneous system than with cellulose in fibrous form.® 

The ethers of varying methoxyl content are soluble in pyridine, 
chloroform, tetraohloroethane, etc., and show different levorotational 
values in the various solutions. 

The methyl groups may be liberated as from common aliphatic 
ethers by allowing hydrogen iodide to act on the ether. The regenerated 
cellulose is extensively degraded, however, as a result of the violence of 
this reaction. 

It is evident from x-ray analy^ and from fractionation, as well as 
tnm hydrolyas and acetolysis studies on incompletely methylated 

™ Hawwtb, Hint, uuitThciinaa, J, Chem. 8oc., 821 (1931) ; Haworth aad Maohamer, 
ibid., mo (1932). 

” Kiuiar and Eschar, Belt. Ckim. Acta, 19, 1192 (1936) ; Johnston, J . Am. Chem. Soc., 
n, 1043 (1941). 

* Freud|ihl>enb Hwilwnhom, and Boppel, Ber., 71, 2436 (1938). 

» Traai. k.Soe. Chem. Jnd., M, T337 (1M4). 

••Bock, Ind. Bng. Chem.. M, 986 (1937). 
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cellulrae; that the intermediates are mixtures of the three stagi^ of 
methylation.“ On hydrolysis, "dimethylceUulose” usually yirfds mono-, 
di-, and trimethylglucose, whereas trimethyleeUuIoBe yields practically 
only 2,3,6-trimethylgluco8e.’^’ “ This result shows that the hydroxyls 
in positions one, four, and five of the glucose anhydrides in cellulose are 
blocked. 


The presence among the products of hydrolysis of a small amount 
of 2,3,4,6-tetramethylglucose ® is now recognized as being the result of 
degradation of the cellulose during or prior to methylation. Carefully 
isolated/ cotton or ramie cellulose yields no tetramethylgluoose pro- 
vided that air is rigorously excluded during methylation.** The 
importance of the presence or absence of tetramethylglucbse with 
respect to the molecular structure of cellulose will be discussed 
later. 

On acetolysis the corresponding acetylated alkyl glucoses are 
formed; e.g., triethylcellulose yields l,4-diacetyl-2,3,6-triethylglucose.** 

Methylene ethers {acetals) of cellulose have been synthesized by allow- 
ing formaldehyde ** or aliphatic methylene ethers *’ or mcthylal ** to 
react with alkali cellulose. The reaction of formaldehyde with cellu- 
lose has its parallel in the action of this aldehyde upon d-glucose, which 
leads to methyleneglucose (ToUens), the mechanism being that of 
acetal formation. Meunier and Gyot ** believe that, for steric reasons, 
it is rather improbable that “methylenation” of cellulose takes place on 
two neighboring — CHOH groups of glucose residues of one and the 
same chain, for example, on those in positions two and three, because 
they are in different planes; it is assumed, rather, that two hydroxyl 
groups of neighboring chains join in this reaction, possibly according to 
the following scheme; 


H— C— 0 H + 0 + H O— C— H H— CO— CHz— OC— H 


CH, 


•* Heddle and Perdval, J. Chtm. Soc., 249 (1939). 

“ Irvine and Hirst, J. Clum. Soc., 1S3, 521, 529 (1923) ; Hess and Weltzien, Ann., 
44S. 46 (1925). 

«» Haworth and Machemer, J. Chem. Son,, 2270 (1932) ; Haworth and Hirst, Trans. 
Faraday Soc., S9, 14 (1933); Averil and Peat, J. Chem. Soc., 1244 (1938); Hirst and 
Young, iMd., 1247 (1938) ; Hinit, J. TextOe Inst., «7, 169 P (1936). 

•*He«s, Angeu). Chem., 49, 841 (1936); Hess and Neumann, Ber., 70, 710, 721, 728 
(1937) : Leokzyck, Ber., 71, 829 (1938) ; Hess and Giigoriacu, Ber., 73, 499 (1910). 

Haas and Wittelabach, Z, Elsctrochem., 89, 244, 250 (1920). 

“ Schenk, Helv. Chim. Acta, 19, 1088 (1932). 

Wood, J. Soc. Chtm. Jnd., SO, T411 (1931). 

" Sohoriipn and Rymaachewskaja, CeBvlosecham., 14, 81 (1933). 
t* Meunier and Q 3 'ot, Compt. rend., 188. 606 (1929). 
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OJjreolk Add Btber. When monocMoroaeetio add is allowed to 
aet upon dkali odlolose, the ddorine reacts with the alkali metal to 
form sodium dbloride. As a result, the gl}molio acid ether of cellulose 
is formed according to the following equation: 

C,H,K)4-ONa + ClCHjCOOH NaCl + CjH,04 0 CH,C 00 H 

Tliia ether forms a sodium salt which in this form is soluble in water, 
forming a viscous solution. The formulation of the product of reaction 
aa an acid ether of cellulose appears justified, because on the action of 
idtoephorus triiodide and water it liberates glycolic acid (CH2OH-4OO3H) 
while cellulose is regaierated. A small amount of acetic acid is also 
formed, which, however, may be due to reduction of part of the glycolic 
acid.*® 

Triphez^lcarbinyl Ether. The formation of this derivative of cellu- 
lose may be compared with the action of triphenylchloromethane on 
alcohols and on certain sugars, such as o-methylglucoside, d-glucose, 
and d-galactose. The reaction may therefore be formulated thus; 

CsH/liONa -1- C 1 C(C«H»)» C«H,04 0 C(C«Hs), + NaCl 

The etiher is very sensitive to adds, e.g., hydrochloric, being cleaved 
to oelhiloBe and tripbenylmethyl chloride (or carbinol), respectively.'^ 
Giycotcellulose (Hydroxyethylcellulose). Ethylene oxide reacts 
with alkali oeUulose to form hydroxyethylcellulose (glycolcellulose). 
It is soluble in water, and it may be assumed that in hydroxyethylcellu- 
lose the ethylene oxide radical is present with a free hydroxyl group, 
— OCH3CH2OH. The mechanism of the reaction apparently is that of 
addition and may be illustrated thus: 

— O— C.H 70 ,( 0 H)r-O— + CHj— CH, -» 

UJ 

— O— C.H70,(OH),(OCH,CH,OH)--(>— 

Acetylation leads to a triacetate in which two acetyls occupy the two 
foee hydroxyls of the glucose unit; the third acetyl has entered the 
hythroxyethylene radical. It may be formulated thus : •* 

C*H, 0 ,(OCOCHi)j(OCHiCHiOCOCH,) 

"CboMdbiUT, BtpAem. Z., 14S, 85 (1034); we. aleo, Barnett, J. Boe. Chtm. Ind., 40, 
(1031); Brown and Boulton, Chemittry ds InduMtm, 264 (1041). 

wui Koeeter, Ber., 07, 667 (1924) ; Hdfericb, Moot, end JOnger, B«r., 08, 

872 ( 1 « 26 ). 

"SebBtlila nod SymiuHluwiknja, B«r., 00, 1014 (IMS); Schorfer and GboHnaker 
iitd. jAw. », 114 (laao). 
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Benzylcellolose. This cellulose dmvativie is obtained by the action 
of benzyl chloride on cellulose in the presence of aqueous aikalL Tbe 
benzyl ether is ^ceedingly hydrophobic.” 

Besides the ethers described above there are a number of others, 
not yet sufficiently investigated, of which, however, may be mentioned 
butyl-, propyl-, and allylcelluloee.” 

THE OXIDATION OP CELLULOSE 

From an inspection of the molecular structure of the chain molecule, 
it would appear that with a suitable oxidizing agent the oxidation of 
cellulose could be confined to an attack which would convert the 
terminal free reducing groups to carboxylic groups. Furthermore, we 
could imagine the free hydroxyl groups to be converted to aldehydie 
and then to carboxylic groups without simultaneous rupture of the 
glycosidic linkages. However, as pointed out in the introduction, it is 
difficult to direct the oxidation of cellulose in such a way, and only a 
few examples in which glycosidic linkages seem to remain unattacked 
are known. 

As with other cellulose reactions the course and the rate of oxidation 
are essentially influenced by the peculiarities of the fibrous structure. 
As a result, oxidation proceeds in topochemical fashion, but the products 
of the initial reaction are further attacked and broken down to shorter 
chains before deeper layers of the fiber are attacked. Thus, after a 
certain time has elapsed, the product of reaction, “oxycellulose,” must 
be expected to be a heterogeneous mixture of more or less oxidized and 
broken chains with secondary reaction products of rather low molec* 
ular weight. 

As a matter of fact, oxycellulose shows both aldehyde and acid 
reactions. When heated in dilute alkali it develops a characteristic 
yellow color, the coloring matter dissolving in the hot alkali. Oxycel- 
lulose possesses pronounced reducing power toward Fehling’s solution 
or Willst&tter and Schudel's hypoiodite solution;” it is capable of 
reducing vat dyes to their leuco bases,** and it reacts with phenyl- 

” Gontard, “8ut lea propriftte de U beiuyloelluloae,” Camua, Lyon (1933) ; Gama* <**n(i 
Lorand, J. Am. Chem. Soc., M. 116C (1937). 

” Mianea, '‘C^uloaeeater und Calluloae&ther unter beaonderer Ber&ckiiohtisuns der 
BonaylcaUuloaa,*' Chem.-techn. Verl. Bodenbendor, Beriin (1934) ; Manh and Wood, 
“An Introduction to the Chemistry of CeUuloae,” p. 273. For dibano acid artets, aeo 
Malm and Pordyoe, Ind. Eng. C*em., ZZ, 406 (1940). 

” WUlatatter and Sdiudol, Ber., #1, 780 (1818). 

” S<dioU, Ber.. 44. 1312 (1911) ; Ermen, /. See. Dvert ColoufieU, Z8, 182 (1912) : Hidlar, 
Beh. CMm. Ada, 14, 578 (1931). 
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bjdtiUBQe.” Its add nature is indicatied by its affinity for bme dyes, 
sudi as xaetbylene biro, by its consompticHr of alksffi on titration,” and 
by tbe liberation of carbon dioxide on bdling witib dilute hydrochloric 
add.” The simultaneous liberation of furfural indicates the presence 
ei ^acaroiiic acid units. The quantities d these two substances as 
wdl as the amount of alkali consumed on titration, althou^ certainly 
greater than from untreated native cellulose, ate rather small, which 
indicates that the number of carboxyl groups in oxycellulose is some- 
what limited. Obviously, most of them are oxidized further; in fact, a 
considerable amount of carbon dioxide is liberated during o>ddation.‘” 
Whether the aldehydic or acidic character prevails in oxycellulose 
depends upon the oxidant and the medium, as well as on tbe time 
allowed for the reaction. OxyoeUuloses of the reducing type are generally 
^ obtained with oxidants which may be used in an acid or neutral medium, 
whereas alkaline oxidation produces the non-reducing or acidic type. 
In both cdses, the aldehydic character prevails at the begiiming of the 
reaction.*" 

Oxycellulose may be freed of most of its aldehydic and acidic 
character by extraction with dilute alkali. On such a treatment, 
which involves not only extraction of the fragments of low molecular 
weight but also oxidation of aldehydic and neutralization of carboxylic 
groups, the far greater part, remaining in the form of a residue, does not 
seem to differ from the original cellulose. Yet, determination of its 
viscosity in solutimi reveals that it possesses a much lower degree of 
polymerization than the original fiber, indicating that longer chains 
have suffered cleavage into smaller fragments. The residue may be 
further fractionated into portions of varying degree of depolymeriza- 

" Mailer, Beit. Chim. Aeta, XS, 208. 217, 376 (1039). 

** Sefawalbe end Beeicer, Ber^ M, S45 (1921) ; Hibbert end Parsons, J, Soe. Chem. Ind^ 
M, T473 (1023); Karrer and loeier, CtUuloteckem., 7, 1 (1026); Ladtke, Biochem. Z., 
SM. 372 (1034): SSS, 7S, 82 (1936) ; Neale and Strinzfellow. Trans. Faraday Soe., SS, 881 
(1037); Sookne and Harris, Tec^ils Research, 10, 405 (1040); J. Research Natl. Bur, 
Stamdttrds, M, 205 (1041); Sookne, Fucitt, Md Steinhardt, ibid.., 35, 61 (1940); Heyxaann 
and Stalmunr. /. Phys, Chm., 4». 1152, U«7 (1041). 

"Henaer and StOefcigt, CeUuloteehem., 3, 51 (1922); Hibbert and Parsons, loe. eil.; 
Whistler, Marthi, and ]Banis, Rtseardi NaU. Bur. Standards, 34, 13 (1940); Nickeraon 
and Lea^ InA, Eng. (Rum., 33, 83 (1941). 

***QtBB?mham and Dorte, J. Chsm. Sac., iU, AST (1912); l>or6e and Healey, J. 
TmtOe Inst., M, T27, f41, (1038), 

*«taiUMBs aaMfeake, /. TsxliU Inst., 13 , T27 (1924); BirtweU, CUbbens, and 
Oaak*. ibid., Ttf. 'tm 11920) : Oibbras and Bldce, Hid., 18, T135 (1927); CUbbens, 
Oeake, and HM., 13 , T277 (1927); BirtweU, C3iU)ei». Oeake, and Bldss. iWd., 
U, Wr (IfsiPDavtdsim. tbiiL, iS. T95 (1932); Neale. Trans. Famdau Soe., 33, m 
Sid sine the ewm^tSoD by Wise, Trans. SlsebraAsm. See., 73, 79 (10%). 

Haworth, and Peat, J. Chsm. See., 1908 (108«. 
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T 1 i 0 products of lower molecular weight, those of (digo- and mono- 
saccharide character, are difficult to separate. Among them, g^ueorcNaic 
acid has been identified. Earlier investigators, such as Tollens and 
Vignon, had suggested that oxycellulose might be defined as poly- 
glucuronic acid. The results of later studies seem to support ti^ 
view. When a cuprammonium solution of cellulose is oxidized witii 
potassium permanganate, the resulting glucuronic acid seems to retain 
a polymeric character until, for the purpose of isolation, it is converted 
into the cinchonine salt of the monomeric acid. 

Glucuronic acid (and polyglucuronic acid) long escaped discovery, 
probably because on oxidation of cellulose in fibrous form it is easily 
destroyed. Oxidation of cellulose in solution permits a more homo- 
geneous reaction and increases the chances of arresting oxidation before 
the products of reaction are further attacked and converted into frag- 
ments of low molecular weight, such as oxalic acid, and finally into 
carbon dioxide and water. 

An interesting reaction has been observed to occur when periodic 
acid acts upon cellulose.^®* With this oxidant the attack is confined to 
the hydroxyl groups in the 2- and 3-poritions of the ^ucose residues. 
These groups are converted into carbonyl groups, but, apparently, no 
glycosidic linkages are broken. As a result a cellulose dialdehyde is 
obUuned. 



HO 0 HC 0 5 


CHsOH CHjOH 6 


However, under the influence of weak alkali, the dialdehyde breaks down 
into smaller fragments."* 

Oxycellulose is formed during a number of commercial processes such 
as kier boiling and bleaching of textiles, paper pulp, and the like. Over- 
bleaching may lead to a tendering of the fiber. On further oxidative 

“• Kalb and Falkenh*u«en, Ber., SO, 2514 (1927) ; see. also, Heuaer and StOddat. 
CeUulot$chem„ S, 61 (1922) ; Kenyon et al., J, Am. Chem. Soe., 64, 121, 127 (1942). 

Hudson, J* Am* Chem* Soc*, W, 2049 (1937). 
i«DavldK>n. J.T«Eia«In*l..a9.T216(1938); Doite and tl. T37 (1088) 
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the eelMcMe fiber beeomeB so brittle that it ooay be dirin- 
ti^^ted to powder by niere rubbing between the fingers. 

IHB DEGSADATlOIt OF CEIXnLOSE BT ACIDS 

With minenl aoida, and less completely with organic acids, hydn^ 
ysis leads to ^ueose through a number of intermediate stages; on 
aoetolyris, the h3rdroxyl8 of the degradation products beocnne partly 
or entirely acet^dated. Here again, as with other treatments, cellulose 
reacts riowly and irregularly. De^dation starts on the surface of 
the fibo' and may lead comparatively easily to low-moleoular>weight 
firagnmnts and even to the end product, ^ucose. Deeper layers, on the 
other hand, are attacked to a leseer degree, and, in consequence, inter- 
ruption of the process after a certain time yields a variety of degradation 
products, from almost untouched chains down to the monomeric 
glucose. 

Hydrocdlulose. On heating cellulose fiber with dilute acids, for 
example with hydrochloric acid, a product is obtained which in appear- 
ance and behavior resembles oxyoelluloee. Like the latter, cellulose 
emerges from the treatment as weakened fiber which may easily be 
rubbed to powder between the fingers. It is termed “hydrocellulose” 
and for many years has been regarded as the first homogeneous product 
of hydrolysis.*®* The term is derived from the (erroneous) assumption 
that one molecule of water is chemically attached to each glucose residue. 
Cemsidering cellulose as a chain of glucose anhydrides linked together by 
memis of oxygen tnidges, there is no reason to regard hydrocellulose as 
a homogene<Hi 8 cellulose derivative as may be true of oxycelluiose. In 
the formation of hydrocellulose the only change conceivable is a shorten- 
ing 0$ the chains berides a rupture of cross linkages if such exist. Under 
tlw hydrolyring effect of the acid there is obtained a mixture of chain 
bundles or ringte chains, more or leas shortened, some of them to oUgo- 
sacduuides, orilohiose, and glucose, all of which possess pronounced 
vedneiag power. 

This ixmceiit of hydrocdlulose is in agreement with its behavior 
vrith dilute alkidiflB. On heating with 4 to 6 per omit sodium hydroxide 
sc^Qtkm the xsw hydrocellulose preparatioa may be divided into two 
etmqwnents. IliS filtrate diows pronounced rmlucing power rince it 
oamtamB tlm lower degradation piquets. Hie residue, after sufficient 

for exan^ile, Sdnralb*. “ClmaU der CdluJoae," Borntraesef, BerUn 
•M, iim, Sbuaar and Cdbdotechetn., t, SI (1922) i Bcuier und J«yziM, Btr^ BS, 

,^B0 o»k, “Ldnhwlt for CrB ulo w wilawni* ," aid ed.. !>. IST; mb, bIbo, Hbobbt and 
B. BhMrwfoW. ai. 47 (1926) ; HBaa. “Cfo CatwaiB d«r CBUcloae," p. 430. 
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puiifioiticm, little, if any, reduong power, probably because tbe 
redudng groups whidi renuuned after the extraction faave become 
oxidized to carboxylic groups. If the hydrolytic treatment was soffi- 
d^tly severe, the reddue is soluble in sodium hydroxide solution (rf a 
cerUun hi^er concentration (preferably 8 per cent by w^it). The 
solubility is explained as resulting from the rupture erf prinaaiy valfflices; 
this is also reflected in the solution viscodty of the residue which is con- 
siderably decreased in comparison with that of the starting material.^" 
The purified alkali-soluble hydrooellulose has also been termed “cellu- 
lose A.” »» 

It is possible to convert up to 99 per cent of the original cellulose 
into alkali-soluble hydrocellulose, i.e., with the production of only a 
very small amount of extractable products of degradation. This re^t 
seems to indicate that, as on oxidation, cleavage occurs towards the 
center of the chains rather than from the ends. Organic adds such as 
formic,**® acetic,*** and oxalic *'* may also be used for the conversion. 

Hydrocellulose, which in commercial processes plays a part similar 
to oxycellulose because the formation of both involves destruction of 
the fiber, may be distinguished from oxycellulose by certain reactions. 
Of these may be mentioned the liberation of carbon dioxide on distilla- 
tion of oxycellulose with 12 per cent hydrochloric add. Either hydro- 
ccllulose does not give this reaction or the amoimt of carbon dioxide 
liberated is much smaller than from oxycellulose.*** 

With concentrated acids, such as sulfuric, nitric, hydrochloric, 
hydrofluoric, or phosphoric, cellulose swells considerably, becomes 
peptized, and finally dissolves completely. It is likely that inter- 
mechate addition compounds are formed.*** Usually, shortly after prep- 
aration, the solution shows reducing power toward Fehling’s and other 
such solutions. On dilution with water shortly after dissolving and 
with thorough cooling, the greater part of the cellulose may be regener- 
ated in the form of white flakes which show the behavior and the x-ray 
Hiagram of mercerized cellulose (p. 1672). In the older literature the 
preparation obtmned is often also termed “amyloid,” merely because it 
gives the same blue coloration with iodine in the presence of traces <rf 

Bawortb et eU., J. Chem. Soe., 1901, 1904 (1939). 

*• Hesi, Weltiiaii, and Measmer, Ann., 43B, 127 (1924) ; Heaa, Z. angm. Chrnn., St, 
998 (1924). 

Heuaer and Schott, Cdbdotedum., S, 10 (192£) ; Staudingar and Dreher, Bar., M, 
1733 (1936). 

*** Heuaer, “Lehrbuch der Celluloaeohenue," 3rd ed., p. 171. 

*** Heuaer and lEiacnring, CelhAotechtm,, d, 13. 26 (1923). 

*’* Heuaer and Stdekist, Und., 3. 61 (1922). 

u«a| Ekenstam, Ber., 69, 649. 663 (1936). 
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fuAFttrie add as starch (aioyhim) do^, a reacdon which, although known 
for mum than a century, is not yet fully understood. 

CeQodcztcins. On further standing of cellule^ solutions such as 
mentioned above, degradation continues, but on the addition of alcohol, 
a laedpitate is obtained. This precipitate, which is characterized by 
its reducing power, is partly or entirely soluble in water and has, 
unda: the name of “cellulose dextrin” or “oellodextrin,” played a great 
part in the endeavors to isolate homogeneous intermediates in the course 
the degradation of cellulose. In the light of the modem concept of 
the chemical constitution of cellulose, cellulose dextrin is far from ^ing 
a homogeneous product. It is rather to be regarded as a mixture of 
c^igosaccharides of var3dng chain length, the longest of which may 
comprise thirty or less glucose anhydrides.‘“ Since the molecules of 
smaller size crystallize, the whole mass appears crystalline.^* Likewise 
certain biose anhydrides, which at one time were thought to represent 
homogeneous degradation intermediates,*” are. merely mixtures of 
(digosaccharides of various chain length. 

Oligosacdiatides. Isolation of certain oligosaccharides is best 
accomplished by acetolysis or by hydrolysis preceded by methylation 
or by methylation after acetolysis. The products of reaction are more 
stable in these cases, and their separation is thus facilitated. Since on 
acetolysis the hydroxyl groups steadily increase in number and are 
simultaneously acetylated, because of the progressive opening of 
oxygen bridges, the increase in acetyl content provides a general means 
of pursuing the process of degradation.** The following oligosaccharides 
have been isolated; cellohexaose, cellotctraose, cellotriose, and the 
disaccharide, celloHose. A mixture of them may be obtained by hydrol- 
ysis of cellulose with highly concentrated hydrochloric acid (specific 
gravity 1.21 at 15®), but the proc^ must be interrupted before it has 
gone too far. This is accomplished by adding ethyl alcohol, which is 
used also for fractionating the mixture.”* 

Even cellohexaose, CeHiiOe • [CoHioOs]! • CeHuOs, the highest mem- 
ber so far isolated, crystallizes in very fine but homogeneous needles; its 
molecular wdght corre^xnids to the formula given above, and, although 
it has not yet been possible to obtain crystalline derivatives of this 
hexasaccharide, derivatives of some of the other oligosaccharides, 
oeQotetraoee, and cellotriose, CaHnOa* 

n* iieytr aad hUak, Ber., SI, 24% (1028). 

u*Fi«ad«ibtrK> Bar-. •>. 883 (1929). 

BKanuna Uid Kn^ Amu, US, l (1925) ; Hew siui Frie«e, Ann., 4S0, 40 (1926). 

»• Zwduaiiter ud oo-worters, Ber., M, 867 (1931) ; 66. m (1933) ; we, elao. WiU- 
nmm MMi ZeknuMer, Ber„ «, 722 (1929) ; Zeehmeidwr and Ber., 68, 2134 (1936) . 

B«H nad DtimaBl. Bk., 68, 1596 (1936). 
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CeHioOs’CsHiiOj, are known. These oligosacdiarides yield well- 
defined acetates, methyl ethers, and osazon^; the lastHoamed, how- 
ever, are difficult to obtain in crystalline form. A ceUotrioside, de<^ 
methyl-/3-methylceIlotrioside, has been synthesized from 2,3,6-trimetihyi- 
^methylglucoside and heptamethyl-l-chlorocellobio^.“* 

The mixture of the reaction products also yields celloHose 
(C 12 H 22 O 11 ) (p. 1598), as well as the last link of the chain, d-^ucoee. 
For a long time cellobiose was not discovered among the products of 
ordinary hydrolysis with mineral acids. It is more easily obt^ed on 
acetolysis in the form of its octaacetate,“* Ci 2 Hi 40 ii(CC)CH 3)8 with 
some pentaacetyl-d-glucose as a by-product.“*‘ On saponification 
with alcoholic potassium or sodium hydroxide, potassium or sodium 
cellobiosate is obtained from which cellobiose may be liberated by tire 
action of acetic acid. Another method of saponification, by which the 
disaccharide constituent is more protected against degradation, consists 
of applying only traces of sodium metal in methyl alcohol.*®* 

Cellobiose may also be obtained by the action of acetyl bromide and 
glacial acetic acid upon cellulose at a temperature of 30-40® for a number 
of days. This treatment results in acetobromocellobiose which is 
identical with E. Fischer and Zempl^n’s product resulting from the 
action of hydrogen bromide on cellobiose octaacetate.*** 

Cellobiose, for a long time the only crystalline product of cellulose 
degradation besides glucose, has played an important part in the 
attempt to elucidate the chemical constitution of cellulose. Haworth’s 
work*®* indicates its structure to be l-glucoffldo-4-glucose with a 
jS-glucosidic linkage.*®* 


doiacoae dOlacose 



Freude&berg muI co-^oikers, Naturvii»tiTi»eKaJ1ien, 18, 1114 (1030) ; Ann., 4H, 
41 (1932). 

Freudenberg and Nagsi, Ann., 414 , 63 (1932). 

“‘Skiaup and KSnig, Ber., 34 , 1116 (1901); Monalsh., 81 , 1011 (1900). 

Oat. Ann., 898, 313 (1913). 

*** Webber, Btaud, and Gray, J. Am. Chem. Soe., (8, 1542 (1930). 

ZompMai, Ber., 69 , 1254 (1926) ; 69 , 1827 (1936). 

“* Kaner and Widmer, Hebi. Chim. Ada, 4. 700 (1921). 

*** Fiaober and Zmnpl5n, Ber., 48 , 2536 (1010). 

*" Haworth, “The Constitution of Sugars,*' Arnold and Ck>., Lond<» (1929). 

>*• See alao Zemplin, Ber., 69, 1254 (1926) ; Freudenberg. et of., Ber„ <6, 1962 (1930) 
* The free reduoii>g group ia indicated by an asterisk in the unit im the riidrt. 
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**haedQobkmf*’ ivbidi was to be fonoed amxiltaneoosfy 

witb cdlc^oee m bydrol^sr^ or aoetoly^ cellulose,’^* is now reoog* 
nised as a mixture of oellobioee with oligosaocharides.’*'’ 

CSellobiose may be transformed into a great number of derivatives. 
Detailed discusrimm and descriptions of more recent date may be found 
dseadiere.*" 

Hie end product of hydrolysis of cellulose is if^ucose. The tbeo< 
reiacal yield of ^uoose is 111.1 per cent by weight. Actually this yield 
has never been obtained because of inversion ^ as well as of further 
desradalion of glucose to organic acids, hydroxymethylfurfural, and 
othor substances, under the influence of the hydrolyzing agents applied.^ 
The best yield may be obtained by allowing methyl alcoholic hydro- 
(ddoric add to act upon cellulose triacetate; by this method 95 per cent 
of the theoretical yield is obtained.*** 

The action of hydrogen bromide in ether on cellulose in a sealed tube 
leads to about 33 per cent of b)-bromomethylfurfural. This result has 
for some time been interpreted to indicate the presence of ketonic 
groups in cellulose.*** The primary product of this reaction, however, 
is glucose, which subsequently loses water and is transformed into 
hydroxymethylfurfural and further into the bromo derivative.**' In 
fact, h 3 rdroxymethylfurfural may be obtained directly from aldoses as 
eaidly as from ketoses.*** 

Anhydrous hydrogen chloride seems to convert cellulose into a 
mixture of polymeric glucose anhydrides (“polyglucosans”). This con- 
veraion seems to involve two steps, namely: (1) cleavage of the chains 
into ghioosylchloride (1-chloroglucose) molecules, and (2) condensation 
of these molecules with the loss of hydrogen chloride to polyglucosan. 
On treatment with dilute mineral acid the polyglucosan is transformed 
into ^ucose.*** Hydrogen fluoride acts similarly, the reaction product 

*** Olt and I^'oneeri, Z. aafav. Ckem., n, 100 (1920) ; Oat and Knoth, CeQidoaechm., 
t, 28 (1922) ; Oia. 2. rntgae. Chrnn., 29, 1117 (1928) ; Hew, Weltiien, and Singer, Ann., US, 
71(1925). 

** Tfeudenberg, “Tannin. Cdlvdoee, lignin,” Springer, Berlin (1933), p. 99. 

*** Bee ToUMM-Htener, “Kunae Handbuoh dw Kofalenhydrate,” Berth, Leipzig (193S) , 
p. 486; Iffidbed. “(Sieiaie der Zudkar und Fotyeeacbaride," Alcad. Verlage-Oee., Leipzig 
(193(0. 

>*SeIiInlNMsb end liilua. Ann., M7. 73 (1941); Frahm, Ber., 74, 622 (1941). 

***Oat and Willnaina Cilem. Zlg., 24 , 461 (1910) ; Monier-UTiUieine, J. Chtm, Soe., 
tK» (1921). 

*** Irvina and Bitat, J. Ckan. Soe,, lU, 1586 (1922) ; Beuaet and Aipar, Z, onfeu. 
Chm., n. 27 (1924). 

and OoiOina /. Chtm. 8oe„ 79. 361, 807 (1901). 

**HauMr. “labrlwelt dar CelMoeeehwnie,” &d ad., p. 211. 

*** Banaar and BiiUuittg. CtOiubmishtm., 4, 20 (1922) : Heuaer and Sohott, (hid., 4, 86 
ttItZZii %, 16 (1965); Hiddantrop, doctoral cHawrtaiioo, Leiden (1917). 

**!*ScUWbidi a^ IProdanmiek. Angtoi. Chtm., 47, 132 (193^ ; aee, alao, Bew and UV 
ZNMMu Jar., M, 116 (IMl) and Blinann and Beaa, Btr., 74, 136 (1941). 
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of anhydride character being termed “ceUan.” It ia probable «iat a 
glucosyl fluoride is formed as an intermediate.*** 


'TOE DEGRADATION OP CELLULOSE BY THERMAL DECOMPOSTIiSn 

The products of thermal decomposition, in contrast to those of 
hydrolysw and acetolyais, yield no information in regard to the chemical 
constitution of cellulose. These products represent the result not only 
of far-reaching degradation, but also of secondary, tertiary, and further 
reactions, so that it is often difficult to explain their presence, f 

If a temperature of about 270® is applied, as is usual in conunerci^ 
destructive distillation of wood, a great quantity of gas is produced, 
consisting chiefly of carbon dioxide and, particularly at higher temper- 
atures, of carbon monoxide, with smaller amounts of methane and 
ethylene. The process of destructive distillation of cellulose may be 
regarded as a carbonization with elimination of water and carbon dioxide, 
whereas carbon monoxide and all other products owe their formation to 
secondary, tertiary, and further reactions. The principal other products 
are tar and acetic acid, together with some formic acid and acetone, the 
last two being formed long before the temperature of 270® has been 
reached. 

Methyl alcohol, which before its synthetic manufacture was an 
important product of commercial distillation of wood, owes its formation 
chiefly to the lignin constituent of the wood.**® It is obtained from cel- 
lulose only by the process of hydrogenation in the presence of catalysts.*** 

The tar produced on destructive distillation of cellulose consists 
chiefly of phenols, which indicates that transformation of aliphatic into 
aromatic substances ha.s occurred under the influence of the high 
temperature.*** The composition of the solid residue, cellulose coke, 
deviates somewhat from that of anthracite, its hydrogen content being 
slightly lower. However, if cellulose is subjected to beating under a 
pressure of 150 atmospheres, in the presence of water On order to avoid 
overheating), the composition of the r^ulting coke approaches that of 
anthracite.*** 

Destructive distillation of cellulose in vacuo yields levo^ucosan or 

*** Helferich sad Peters, Ann., 494, 101 (IB^) ; Ftedenbacev and Cadenbaeh, Anfoe, 
Chern,, 44, 113 (1033). 

*** B&ttner and Wisliesnus, J- prakl. Ckem., 99 , 177 (1909) ; Seuaer and SkKUderbrand, 
Z. angew. Cham., 39, 41 (1919) , Heuser and B chmida , CtUidmechem., 1, 49 (1930). 

**‘ Fiera-David and Hanning, Htla, Chim. Acta, 8, BOO (1923) ; CKcmutrj/ <9 InSuArv, 
44.943 (192®. 

*** Smith and Hoimd, /, Am. Ciem. See., 89 , 234 (1937). 

**' Bergiua, IVoluruaseenecAallen, 14, 1 (1928) ; Bcrl, Papier-Ft^., SI, 141 (1938) ; Mh 
also, Beusar, Z. angew. Chem., M. 393 (1913). 
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Jl^ooeiUD (ykfal about 38 per ceat), i.e., a^^ucoee aubydride ^ (p. 18^). 
It is idmtical with that which may be obtained on hydrolysiB of gluco- 
sid^ e.g., from picein, which splits into pioeo|(p-hydroxyacetophenone) 
an# levoi^cosan imder the influence of strong bases. Structurally, 
/S^aoosan is I,6-aDhydr(>-i3<d-gduoopyTanose. Its j3-configuration is 
indicated by the fact that it is obtained easily from 0-d-^\icoae and 
jlM-ghieosides but not from ccd-glucose or o-d-glucosides.^^^ It is also 
obtained on destructive distillation in vacuo from glucose directly, as 
well as from starch.*^** These observations seem to indicate that the 
primary product of reaction is glucose and that glucose subse- 
quently imdergoes dehydration resulting in the formation of the 
anhydride. 

Levoglucosan adds one molecule of chloral to form chloralglucose 
<“cbloralo6e”)“^ An analogous reaction seems to occur with cellulose 
when subjected to treatment with chloral in the presence of concentrated 
sulfuric add, various dichloralglucoses being formed.'^^ Again, it is 
likely that glucose is the primary product of reaction, for glucose is 
converted into chloralglucose directly when subjected to the action of 
chloral in the presence of sulfuric acid. 


THB DBGKADATIOR OF CELLULOSE BY HEARS OF 
KOLOGICAL PROCESSES 


CeQulose plays an important part in many biological processes. 
Nature has provided for permanent destruction of cellulose waste by 
the activity of microorganisms, such as aerobic and anaerobic, meso- 
philic and thermophilic bacteria, as well as fungi, actinomyces, and 
protozoans. little is known about the mechanism pf the breakdown of 
cellulose by the activity of these microOrganisnas, but it is generally 
assumed that the breakdown occurs in two phases, the first consisting 
of emymatic hydrolyds which leads to glucose as an intermediate and 
the second being the fermentation of the glucose to organic adds and 
gases. 

It has been posdble to demonstrate the production of glucose by 
introdudog cerfiam antiseptics which are capable of checking the 


PiaMyMUl a— f«in Bel*. Ckim. Aeia, 1, S7 (1918) ; Venn. J. Textile Inet., IB, T414 
(ise4). 

^ Sm "Kunsw Handbudi der Kohlenhjpdnte." Barth, Leipsic (193&), 
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Qenn, Ber., U, 164fi (1931). 

StaioiMl, Ckim, Acta, B, 621 (1923); White and Hixon, J. Am. 
248S itm) ; W. Fm^eoberg aad Voida, ibid., S9, 1956 (1937). 
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fermentative action of the microdi^nismB without inhihiting the 
enzymatic hydrolysis.’" Moreover, Pringsheim was able to show a^ 
that cellobiose appears as an intermediate by raising the temperaturo to 
a point at which the enzjTne which breaks down cellulose to glilcose 
(cellulose) becomes inactive while the ceUobiose-producing enzyme 
(cellobiose) is still active. Under these conditions only cellobiose is 
formed. 

The ability of cellulose-decompo^g enzymes to exert specific actions 
was further demonstrated by Grassmann and co-workers with cellu- 
lase and cellobiase containing extracts obtained from Aspergillus orycae. 
It was found that cleavage of longer chains (from cellulose down to 
cellodextrin and further to ceUohexaose) is effected exclusively by 
cellulase whereas the other oligosaccharides including cellobiose undergo 
scission chiefly imder the action of cellobiase. 

The acids produced on unchecked fermentation are chiefly acetic 
and butyric. Sometimes alcohols, and usually gases, such as methane, 
hydrogen, and particularly carbon dioxide, are produced, depending 
chiefly upon the nature of the organism concerned.’®’ In recent years, 
industrial utilization of cellulose waste has come into prominence.’®* 

THE CHEMICAL CONSTITUTION OF CELLULOSE 

In the chapter published in the first edition of this book an attempt 
was made to depict the development of the concept of the constitution 
of cellulose. Here it may suffice to summarize the more essential 
scientific events which justify our present concept of its molecular 
structure. 

On the basis of the knowledge that cellulose on hydrolysis yields 
essentially glucose and, on acetolysis, an appreciable amount of di- or 

'*• van Iteraon, ZentnlU. BakL II, 11, 689 (1904) ; Pringsheim, “Dio Polysaccharide,” 
Springer, Berlin (1931), p. 152. 

Grassmann, Zechmeister, T6th, and Stadler, Ann.f 503, 167 (1933) ; Grassmann, 
Stadler, and Bender, Ann., SOI, 20 (1933). 

For more detailed information see Thayaen and Bunker, '‘Hie Microbiology of 
Celluloee, Hemioeliulosee, etc.,” Oxford University Press (1927), and Waksman, "Prin- 
dplee of 8inl Microlaology," Williams and Wilkins Co., Baltimore (1932) ; Waksman and 
Davidson, “Eniymes," Williams and Wilkins Co., Baltimore (1926), as well ss the follow- 
ing pubiioations: Symons and Buswell, J . Am. Chcm, 5pr., 65, 2028 (1933) ! Waksman 
and Cordon, Soil Sci^ 45, 199 (1938); Walker and Warren, Bioehtm. Sk, 31 (1938); 
Gray, Con. /. Rtttarch, C17. 154 (1939) ; Baker. Nature, 143, 622 (1939) : Bert and Eoerber, 
J. Am. Cham. Soe., 60. 1696 (1938). See also Norman, "The Biochemistry of Celluloae. 
etc.," CUrendon Press, Oxford (1937). 

Fontaine, Peterson, and Bitter, paper presented before the C^uloae DiTtaon of tbs 
American Chemical Society at Cincinnati, Ohio, April. 1940; Prescott and Dunn. “Indus' 
trial Mlcrabiology," MeOraw-HiU Book Co., Now York (1940). 
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^ieacdiande,*'’' Tc^tois *** proposed ft fonnulft for oellukse (1895) whicb 
shows ft number of {ducose anhydride unite linked in chain faahinn by 

way of oxygcsa bridges (Fig. 2). It will be noticed that the individual 

% 

o 

H, H H H H H 
C-C-C-C-C-fi 
^ ^ OH OH OH H 

H, H H H H 
C-C-C-C-C-C 
^ ^ OH OH OH H 

H, H H H H \ / 

C-C-C-C-C-C 
^ ^ OH OH OH H 

H, H H H H 
C-C-C-C-C-C 
OH OH OH QH OH H 

Fia. 2. — Cellulose formula (Tollens). 


ghiooee residues are united through acetal linkages in contrast to the 
hemi-acetal linkage operative in the modem concept of the molecular 
structure of the cellulose chain. Tollens believed that such a double 
oxygen linkage would best explain the great physical reristance of the 
cellulose fiber. 

If for the moment we set aside the attempts of Hess and his school 
and other investigators to show that cellulose represents an aggregate 
of monomeric glucose anhydrides united through other than primazy 
valence forces, the generation after Tollens occupied itself chiefly with 
endeavors to add such experimental evidence as would support the 
concept of a chain formula. 

The essential experimental facts brought to light during the last 
forty years may be summarized as follows: 

1. Esterification and etherification lead to derivatives in which not 
more than three hydroxyl groui» are substituted. This fact was estab- 
li^ed for celliilose acetate by Ost ^ and for methylcellulose by Denham 
and Woodhouae.^ 

2. B^rdrolyffls of trimethyleellulose yields essentially trimethyl- 
gjucoee whode structure is recognized as being a 2,3,&-trimethyl- 
inono8e.“**f^' “• 

*<* Fruuj^bnt, Ber., U, 19il (1879) ; Sfcraup sod Hamburger, Ber., SS, 2418 (1899) ; 
FnBuddxQant, Ree. Irta. tAint.. U, 472 (1899). 

*** TfliM|Pk /Hanefiaush der EoUenbydrate,” Trevendt, Breilsu (1896), Vol. II, p. 262. 

Chtm.^ M, 00, 70, 82 (1919). 

aud WoodhoilM, /. CWi. Bae., i09, 1786 (1913) ; IM, 2367 (1914) ; Ul, 
Ml (1917)ll«tthua. U», 81 (1921). 

WHawrtIh and Chtm. 5«c., 219. 191 (1918). 

»*H«teaaadH&«l, <Md.. US. 818 (1923); Heaa and Wattaiaii, Ann.. Ml, 46 (1926). 



CASBOHyi>EA.T£B m— CE3XXJL0SE 1703 

3. The of 2,3,0-trimethylglucose amounts to mote than 90 
per cent.* 

These three facts, together with the results of the hydrol 3 rBi 8 of 
cellulose itself, make it appear very probable that cellulose consists of 
glucose units only and that in each of them the hydroxyl groups in the 
1- and 4-po8itionB are occupied. With cellobiose known as one of toe 
intermediates of acetolysis (Skraup, 1901) there is little doubt that one 
hydroxyl, probably that in the 4-position of one glucose unit, is glyco- 
sidically linked with the other glucose unit of cellobiose. Likewise, it 
is probable that in this second unit (the non-reducing component of 
ceUobiose) the hydroxyl group in the 4-po8ition is connected by toe 
same type o( linkage with a third glucose unit. 



4. In the light of the statistical probability that a chain consisting 
of glucose or cellobiose residues must yield considerably less than 100 
per cent cellobiose, and considering the fact that losses due to further 
cleavage of toe cellobiose formed and to other causes are considerable, 
the maximum sdeld of 43 per cent actually obtained (Madsen, 1917) is 
quite in agreement with the molecular chain concept. * 

5. The structure of cellobiose is that of l-glucoBido-4-glucose (p. 
1697). 

6. Glucose possesses an amylene oxide ring between the carbon 
atoms in the 1- and 5-positaon (p. 1556). 

7. HydrolysiB of cellulose with strong hydrochloric acid yields, 
besides glucose and cellobiose, the oligosaccharides cellotriose and 
cellotetraose;* from the products of acetolysis cellotriose may be 
isolated * and in a comparatively high yield if acetolysis is arrested 
before cellobiose is fonned.**^ 

8. To the products of acetolysis, one more oligosaccharide has been 
added, namely, cellohexaose.* The glucose residues in the oligosac- 

Freudcnbere, Ber., 54 , 767 (1921). 

Chariton, Haworth, and Peat, J. Chtm. 8oc., SB (1626) ; Zemt^Sn. Ber., 69 , 1254 
(1926) : Fr«udenberK, Ber,, 6S, 1962 (1630). 

“> Hirat, /. Chem. Soc., 8S0 (1926). 

**' WUlat&tter and Zochiaeiater, Ber., 61 ., 723 {1629}. 

Bertrand and Benrdt, Compt. rend., ITl, 86 (1923) : 176, 1583 (1923) ; Oit, Z. tutgeia. 
Chem,, 69 , 1117 (1926), 

* Irvine and Robertaon, /. Chem. Soe., 1488 (1926). 

*Zeclimeitter and Tdth, Ber., U. 857 (1931); Zecbmeistn-, Mark, and T6tb. Ber., 
66 , 269 (1933) ; Btaudin<nr and Leupold, Ber., 67 , 479 (1634). 
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duuckteB are found to bo united tbroufi^ tbo same type of link aig e thaii ifi 
«qfjecative in odlobioae. 

9 . That the odiolnoBe linkage is not restricted to one part of the 
oellalose ipdecule is also apparent from the results of the methylation 
of eellodextrin whichj as has been seen, consists of a number of oUgosac* 
charides. Hydrolysis of the mixture of the methylated products yields 
tetrametJiylg^ucose and a completely methylated oellotriose, which may 
be broken down to octamethylcellobiose (after further methylation of 
the d^radation products) and a one-third proportion of tetramethyl- 
g^uoose. Thus, four contiguous units originating from ceDulose are 
found to be imited in the same manner as cellobiose itself.'** 

10. The discovery of a small quantity of 2,3,4,6-tetramethylgluoose 
beades a large quantity of 2,3,6-trimethylglucose among the products 

hydrolysis of trimethylcellulose (Haworth and Machemer, 1932) 
indicates the existence of long chains, one of their terminating units 
hairing a fourth hydroxyl group in the 4-position. 

11. Derivatives of cellobiose and oellotriose may be obtained by 
allowing 2,3,6-trimethyl-/3-methylgIucoade to react with the chlorohy- 
drins of fully methylated glucose (tetramethylglucose-l-chlorohydrin) 
and fully methyiat^ cellobiose (heptamethylcellobiose chlorohydrin). 
In these derivatives, because of the fact that they were s 5 nQthe 8 ized 
from components in which the mode of linkage is known, the glucose 
units are joined by ^lycosidic linkages. It is probable, therefore, that 
the same mode of linkage is operative also in the other oligosaccharides. 
This assumption is supported by the results of the quantitative evalu- 
ation of the optical superposition of the oligosaccharides. Hence, it is 
very probable that in cellulose also all linkages belong to the ^series. 
One o-Iinkage, like that in maltose, to one hundred ^linkages, would 
reveal itself by a perceptible change in molecular rotation.'*^ 

Purtter support of the assumption that only one type of linkage is 
opmative between the individual glucose units is derivwl from the 
kineties of hydrolysis and acetolysis of cellulose. As these reactions 
{miceed, more and more carbonyl groups are exposed, the number of 
wMch may be (|aa&titaMy estimated. Alter the lundamentals of 
such mvestagalk»8 had been eatabMied by Meyer, Hopff , and Mark,'** 
and by Kuhn,^** the numerous investigations of Preudenberg and 

'**Haw(»Uk) Hint, sad Thomas, /. Chem, 8oe., 834 (1081). 

“» Fnudanbarc and Na*u, Awn., 4M, «3 (1032) : Fraudanbwg and eo-workan, Bar, 
M, IWl (1930). 

Bcw«, and Maik. Bw., at. 1108 (1020) ; •», ISSI (1030). 

«* Hnhn, JBwh W. 1S08 
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otiters dumg recent years leave no doubt that tbe ludfflges in c^u* 
lose are all of the fi-type. 

'Thus, at the present time, cellulose is regarded as an aggregate of 
drains in which a large number of glucose units are linked tcqjelher in a 
mode corresponding to that which occurs in cellobiose, namely, through 
1,4-^-glyoosidic linkages. On the assumption that the nhiLmg are open, 
there are two terminating umts of which the one poisesses a free hydroxyl 
in the 4-po8ition and the other a free reducing group in the 1-position 
(see Fig. 1). 

The Molecular Wdght of Cellulose. The (hypothetical) molecular 
weight an individual chain equals the number of glucose units multi- 
plied by the molecular weight of the unit. Since cellulose is visualized 
as an association of chains of varying length, the molecular weight of 
the cellulose substance is composed of the molecular weights of all chains 
which participate in this association. 

In the formula of the molecular structure of a cellulose chain (see 
Fig. 1) each of the two end groups in the two terminating units repre- 
sents a certain percentage of the total chain. Since the ratio of either 
end group to normal groups changes with the chain length, the assess- 
ment of the total quantity of one of the end groups in some form, in 
percentage of a given quantity of cellulose, should supply a measure of 
its average chain length. 

A method which has been frequently used for this purpose was 
Bugg^ted by Haworth and Machemer.’^’* Essentially it consists of 
separating the products of hydrolysis of fully methylated cellulose. As 
illustrated in Fig. 3, a given quantity of cellulose will yield a certain 



leuniiMtbriitQco* 

prrftDoae. 

Fia. 3. — From Haworth, “The Constituhon of Sugars,” Arnold and Co., London 
(1029). (Courtesy o! the puhhsihers.) 


«• Fwudenbera *t ol., Bcr.. M. 1510 (19^) ; rieadenbwB. “Tumin, Ceflotoee. lj»diC 
p. 90 et «o.; Freudenberg and Blomuvirt, Ber. W, OOfTO 11035) ; Ttoim. » 

?6 VmJn Wis». Math. ; 

VnMulMiWc Uonaltk. M 1** (1036) ; Mark and Smlia, Tranl. Faraday Soe., Sf, 811 
Freudanberg. •». Ofcamuim, Z. 

(loeo) : MontroU and Siadut, J. Chem. Phyt., 8, TOl ^ 

phyitic. Ch»m.. M87. 289 (1940) ; Kinha. 

mHa^ and M.eh«ner. J- CT*"; and Htort, W 

Faraday See.,», U (1933) ; Haworth, JionaM.. », 314 (1938). 
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of i^>4>64eti«metli3rigluoose ^riiareas tito net 2^,&> 

(ajUBodiylghicose. Baang their calculation on a yidd of tetramethyl* 
idacoae of 0.6 pw cent Haworth and Madbesnor arrived at an average 
chain lei^[th of thdr cdlukiedo material of not leas than 100 md not 
more than 200 ghiooae units which would correspond to a molecular 
wd^t between 20,000 and 40,000. 

It should be kept in mind that the value thus obtained cannot be 
genoaliaed because it represents the chain length of the specific oellulosio 
material used. In the case under discussion the starting material was 
acetone-soluble cellulose acetate which, as has been seen, contains 
cefiolose in a considerably degraded state. As mentioned before, 
cellulose carefully isolated from cotton and ramie and methylated with 
rigid exclusion of atmospheric oxygen yields no tetramethylglucose. 
This result may be explained by the assumption that in (practically) 
undegraded cellulose the chains are not open but united with each other 
tiuough their terminating units or else they are so long that the very 
small quantity of tetramethylglucose cannot be detected by analytical 
nwthods. 

Besides, even where greater quantities of tetramethylglucose may 
be expected, the reservation must be made that the cumbersome opera- 
tUms of separating the methyl sugars and of purifying the tetramethyl- 
glucose involves certain losses which, in view of the relatively very low 
yidd of tetxametbyl sugar, might result in considerable error. This 
errmr increases with increadng chain length of the starting cellulose 
matmiaL Even under most rigid precautions the values obtained will 
yield only an approximate idea of the chain length. 

Other end group determination methods, namely, that of Bergmann 
and Machemer,*^” which consists of determining the aldehyde groups of 
the odlulose material, and that of Schmidt,'" which is based upon the 
assumption that native cellulose possesses terminal carboxylic groups, 
must te valued with even greater reservation. 

In reccait studies d the methylation of cellulose Haworth and co- 
workers made the observation that on methylation widi the exclusion 
of air (in a nitrogen atmosphere) and subsequent hydrolysis of the 
metl^lated celluloee no tetrametfayl^ucoee could be obtained. On tiie 


B«rSKl*»a wad MadmiMir, Btr^ St, 310. 2304 (1930) ; 8tau<liiic«r and Sohwutier, 
Btr^ 03, 3133 (IlUiO); Stendbeer, "Die hoefaaoiekularen areudwlMn VwbindunsMi” ; 
IHtaaBD., "HfiitiilifliiHwiri Ttnitiiiiniiirniiin bodqadrttwer Katiustcdle,’’ StainkopS, 
Dradan (1030), p. 100. Batxmaim and Msehecaar’a Kketbod baa laoaatly baan inproml 
bgr Martin, Saddi. WuStOet, and Harria. a«n. DyMhtf 30, 628 (1041). 

ntgdsBddiatidH ABr.,«i, 866 (1986) ; aaa, niio, Sookoa and Harria J. Bttweh ffaU. 
Bw. Storiarda, It, « (IWfl) Bebak, KolWd-Z., M. 217 (1940). 

t»lUwottib, l&A, Oesft, Bast. «»& kwriB, i. Chaat. fiaon ^ Baworth, 
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for example, by ibe osmotic pressure metbod (see bdow) gave pnxrf d 
the fact tiist the chains had been shortened as a result of the ccmditioDS 
d methylatkm. This paradox is explained on the assumptum that the 
end groups which must have been formed on the breakdown of the 
chains have become involved in some form of recombination so that no 
end groups remain. Since on methylation in air subsequent hydroly^ 
does reveal the presence of end groups, air obviously op>erates to inhibit 
this recombination. It remains to be seen whether this interpretation 
and the conclusions drawn therefrom as to the structure of cellulose can 
be further substautiated.^^^ 

In recent years renewed efforts have been made to overcome the 
difficulties which are encountered when the classical physical methods 
of molecular-weight determination are applied to high-pwlymeric sub- 
stances. It now appears that the osmotic-pressure method may be 
applied to cellulose derivatives in solution with a considerable measure 
of reliability.^^* Moreover, methods have been develop)ed which piennit 
the conversion of cellulose into its derivatives vrithout degradation so 
that extrapolation from the derivative to cellulose itself rests on a 
safer basis than before. 

Another phymeal method is based up)on the relationship between 
the solution viscosity of cellulose and its degree of degradation. Accord- 
ing to Staudinger the viscosity of cellulose in cuprammonium solution 
or of cellulose derivatives in organic solvents increases over a wide 
range proportionally with increasing chain length, and vice versa. This 
p>ostulate, which represents a modification of Einstein’s relationship 
between the viscosity of a substance in solution and its average (spheri- 
cal) particle volume, implies that in solution, provided that the con- 
centration is low enough, the chrin molecules of cellulose exist as 
kinetically and chemically indejjendent units (“macro- or thread 
molecules”). 

In order to calculate the molecular weight the viscoaty is used in 
connection with a constant according to the following equation 






K„-M 


in which M is the molecular weight; the specific viscosity, i.e., the 


Hawortli, ChtmitiTV «t Iiuivatry, 917 (1939) ; #ee, bIbo, Bawn, Hiret, and Yfluns, 
Tran*. Foradov Soc., SS, 880 (IMO), referring to atarcb. 

•” Dobry, KMnd-Z., 81, 190 (1937) ; Wo. Ostwald, ibid., 81. 196 (1937) ; Meyer and 
^olS, ibid., 88 , 196 (1939); Montonna and Zilk, J. Phyi. Chem.. tf, 1374 (1941). 

Bta.'udirkget and fieuer, Ber., 68, 222 (1930) ; StaudinRer, Z. ybyelb. Cbem*. 188. 801 
(mi); B«r.. W. 2W (1932) ; "tA*) Vo«3omote1«xAarea octia»j»W VetW 

dunaeo pu* aod 4S3. 
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vimoeilgr ■» f&Bdved substance produces in tbe solvent; and 
|7,Mf ocnoentxation of tbe solutaon in baac moles per liter. If tire 
value of the constant is known, the molecular wd^t of a given oellu* 
kee mstedal may be calculated amply from viscodity measurements. 
]bi order to establiidi the value, the molecular weight of cellulose or its 
dmivative has to be detramined in some way, preferably by the osmotio 
presmre method. From both the molecular wei^t and the viscosity 
data the K„ value may be calculated, ance Kn^ri,p/CM. The JC„ 
omstant is different for different cellulose derivatives and for cellulose 
itself. 

The reliability of the viscosity method for calculating the molecular 
wdght depends upon a variety of prerequisites. These, however, are 
not always fulfilled, and the results should be used with the imder- 
standing that the method permits only a relative assessment of the 
molecular weight. Staudinger and coworkers usually express the 
results as “degree of polymerization” (D.P.) which is obtained by 
dividing the molecular weight, as found, by the weight of the single 
glucose anhydride unit (or derivati^ unit). 

Numerous determinations have been carried out according to this 
method. Staudinger reports good agreement between molecular 
weights obtained with the viscosity method and those resulting from 
osmotic-pressure measurements. On the basis of more recent determina- 
rions molecular weights of 324,000 to 480,000 are given for native 
(cottcm) cellulose, of 38,000 to 112,000 for cellulose triacetate, and of 
54,000 to 410,000 and higher for nitrocelluloses. 

The hypothesis that in proper solution cellulose or cellulose deriva- 
tives aie separated into their individual chain molecules has in recent 
years been the subject of some controversy. Increasing difficulties in 
defending it arise from the possibility that the -individual chains are 
connected by cross linkages of primary valency nature. If such cross 
linkages are maintained on dissolving and during the conversion of 
cellulose into derivatives, the viscosity of the solution must be related 
to the unseparated associations of chain molecules. This would have an 
essential bearing upon the justification of uring viscosity measurements 
as a means for determining chain length and upon the habit of identifying 
chain length with molecular weight. 

I The ultraoentrifugal method,^” originated by Svedberg and first 

StaudiiigM- and Selmb, Ber^ 98 , 2320 (193S) ; Scbulc, Z. jkytOt. Chem„ t7S, 323 
(1936) : StsudiDfR'afid Daumdler, Xnn., ttt, 251 (1937) ; Staudinger and Mohr, Ser., 70, 

ms (imT). . 

"OdOmdal Qieiniatry ct Cdhiloeic Matariala,” V. 8. Dnft. Ap. BvU., 
Mips. 260. Wadiiogtcm. D. C. (1930), p. 29; KraaoMr and Lan^dng; /. Fht^. Chan,, 
St, 1S3 |IW): lanuliig and Sraemw, /. Am. Chan, Soe„ S7, 1309 (1935) ; Kraemer, 
ind. SThf. Okem.. M, 1200 (1938). 
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applied to proteiiis, utilizes photographic observations and records of 
equifibrium or velocity sedimentation in a strong fiald (up to 

1^,000 revolutions and more per minute). The values fcmnd for o^u* 
lose and cellulose derivatives generally are higher than those obtained 
with the other methods. The following figures are given: 670,000 for 
native cellulose (corresponding to 3600 glucose unite); 150,000 to 
500,000 for purified cellulose; 50,000 to 120,000 for cellulose regenerated 
from viscose, etc. ; and 45,000 to 100,000 for cellulose acetates. Kraemer 
and Lansing believe that the values obtained represent the molecular 
weights of the cellulose preparations under investigation with as great 
a certainty as those obtainable by the classical methods applied to sub- 
stances of low molecular weight. 

By using ultracentrifugal data, Kraemer has established a constant 
which may be used instead of Staudinger’s K„ constant for calculating 
the molecular weight of cellulose from viscosity measuremente. The 
values thus obtained are higher by 10-15 per cent than those obtained 
by using Staudinger’s constant, the difference being explained on the 
assumption that the osmotic-pressure method gives “number ’’-average 
molecular weights whereas the ultracentrifugal method yields “weight’’- 
average values.'" 

THE FINE STRUCTURE OF CELLULOSE AS REVEALEP BY 
X-RAY ANALYSIS 

As mentioned earlier in this chapter (p. 1665), x-ray analysis fur- 
nishes definite proof of the crystalline nature of cellulose. It appears 
that most of the investigators ascribe the lattice on which the cellulose 
crystal is built to the monoclinic system, with dimensions of the basic 
cell, i.e., the smallest unit which still possesses the geometrical properties 
of the whole crystal lattice, express^ in A (1 A = 10“®cm. = 0.1 mix), 
as follows (Meyer-Mark- Andress values): 

a (horizontal) 8.35 

b (vertical, representing the length of the 

haeic cell, parallel to the fiber axis) 10.3 
c (fomnng the tuigle with a) 7.9 

/) = 84” 

These dimensions being known, the volume of the unit cell may be 
calculated, and, from the volume and the mass of the anhydroglucose 
formula unit and the density of cellulose, it has been found that four 
cellobiose residues form the edges of the unit cell, wh^^as one passes 
through the center. However, it must be kept in mind that the four 
cellobiose residues are shared by the neighboring unit odls. 

EnemWi reforenoe 179. 

^ j&MDter ftikd Tfmriwg, refarttooc l79t p> ld6> 

^ Hftrk. **CheBU« uud Rtyvik der CeUuloae,** pp. 138. 141. 
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Maiagig oae d the iraiic d W. H. Bntgg «nd hie loimenKie edlabo- 
ttskam m the wdii d atrane and the dmtaneoi betvnees atma d homo* 
pobj eomiK»Bds, Sponsler and Dore^** devised a dctute d ^ poseobte 
sfera^und airangement d the glucose units in the basic cell. 

It is most interesting to note that a decision with regard to the 
^oose stractore to be sdected for the arrangement within the unit 
cell could be made from three-dimensional models carduUy constructed 
to a scale based upon the atomic radii d carbon and oxygen and the 
dhrtancee C— O and C — O. It was found that the amylene onde ring 
dmoture, which, as a result of diemical evidence, had been suggested 
by the Haworth school, fitted best into Sponsier's lattice spacing as 
derived from x-ray data. For reasons of symmetry, the (8-structure was 
ipven preference to the o-stmctuie. 

For the mode of linking between neighboring glucose units of the 
chain, Sponsler and Dore erroneously chose alternating glycosidic and 
ether linkages instead of glycosidic linkages only. However, this has 
practically no bearing as far as their conception of the arrangement of 
the ghioose Tmits within the bade cell is concerned. The most essential 
result was that the investigators recognised the recurrency period (b) 
of 10.26 A along the fiber axis, as evidenced by x-ray Investigations, to 
be dependent upon the chemical structure of cellulose. The diameter 
of one glucose unit, udng 'Haworth's pyranoee ring structure, was cal- 
culated to be 6. 13 A, that is, just half of the recurrent^ period, which 
means that in the unit ceQ, within the spacing of 10.25 A on each chain, 
tbore occur two glucose units or one cellobiose unit (Fig. 4).* This sug- 



SpwfMflwr and Dmb, in **Orfloid8ymp«Bum Monograph IV," 
^ (1926). (Courteay of the publiahera.) 

"Ct&M Monogwi* IV," p. 174 (1926) 

ekawriar. //hibrnr. *. *n (1922). 

*Ji| dll and the foBeKbtcecana, the bydnsen atom mm onalttad. 
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gBf^ed that the ooDStitut^t unite are eiraziged in continuom dudoe, 
vhieh run psrallel to the fiber asis through the unit oeJL Tjie positicm 
cd the chains with re^)ect to each other, stabilized by secondary valency 
forces, is shown in Fig. 5 . 



Fio. 5. — From Sponsler and Dore, in “Colloid Symposium Monograph IV, ” Chemical 
Catalog Co. (1926). (Courtesy of the publishers.) 

Sponsler and Dore’s structure would explain a number of the 
ph3r8ical phenomena dealt with in previous sections. It would account, 
for instance, for the anisotropic swelling of the cellulose fiber in water 
or in other liquids, which do not attack it chemically. Swelling is slight 
in the longitudinal direction of the chains, since there is apparently no 
opportunity for the molecules of these liquids to penetrate between the 
single units of the ehain. In the lateral direction, however, molecules 
of the liquid find sufficient space to enter and in so doing widen the 
space still further. This theory is in agreement with the x-ray pattern 
of the swollen (mercerized) cellulose.^* 

Sponsler and Dore’s picture would also account for the courses of 
the chemical reactions which cellulose undergoes. For example, the 
fact that fibrous structure may be retained on esterification and ether- 
ification can be explained by asstiming that the new groups insert 
themselves into the spaces between the longitudinal chains. This will 
occur more easily the smaller the groups, a concept which is well sup- 
ported by the work of Trillat and others. 

It must be emphasized that Sponsler and Dole’s most interesting 
results gave great impetus to the studies in the jreats which followed 
their presentation. Notably, K. H. Meyer,'** and Meyer and Mark 

AndiaM, Z. CA«m., B4, 201 (1929) ; Kata, in Heas, "Die C3iemie der Cdla- 

lOM,” ]>. 766; alao, Trotia. Paradav Soe., SS, 279 (1983); Meyer, Xn<ew. CAem., 10. 900 
(1937) ; Bermane, KoOoid-Z., 88, 172 (1939). 

TriUat, Compl. rend., 197, 1610 (1983) ; TriOst and Mote. (Md., 198. 31i7 (IftM). 

“* Meyer, Z, onteu. CAetn., 41, 936 (1928). 

Meyer and Mark, Ber.. 61, 693 (1928) ; Meyer umI Mark, “Der Anlbeu dee hoeh> 
ixdymeren orzaniachen Natunrtoffe," Akad. Verlaae-CleB., leipaig (198(», pp. 93, 113. 
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devoted lameh dioui^t and expenm«ital study to the problem. Theh’ 
endeavOTB trere facilitated by the aecumulat^n of chemical evictenoe on 
questions of eonstitution, particulaxly the establishment of the cello- 
laoee foormula by Haworth and his school and the abundance of x-ray 
data pitheied frmn the study of numerous organic compounds. 

Meyer and Mark followed Sponsler and Dtne’s pro^um, i.e., they 
eonstraoted three-dimensioiud models of the constituent units from 
balls having multiples of the atomic radii and distances that had been 
established on c^her compounds. They also gave conaderation to the 
tendenQT of the carbon atom to arrange neighboring carbon atoms 
tetrahedrally around itself. 



1 ^ 

Fra. 6. — ^From Meyer and Mark, "Aufbau der hocbpolymeren organJschen Natur- 
stoSe,” Akad. Verlagades., Leipeig (1930). (Courtesy of the pubUshera.) 

Further aid was derived from Staudinger’s ideas on the structure of 
polymers as well as from investigations by Mtiller and Shearer/” and 
others of the Bragg school, on long-chmn fatty acids. Later, Meyer and 
Brill obttuned support from studies on well-formed crystals of lauric 
add in which the molecules were found to lie parallel to each other, and 
the atoms in the chains were found to be arranged in zigzag form. 

In their endeavors to accommodate the glucose units in a basic cell, 
Meyer and Mark used the dimensions as established in 1921 by Polanjd. 
F\irtfaer calculations were based upon the ^form of Haworth’s cello- 
iaose model as represented in fig. 6.* For the construction of this 
modd, 1.54 A was diosen as the distance between carbon atoms and 

** MlSlW and Sboarer. J. Ckem, See., iSS, 3156 (1923) ; MQllor, Pree, Boy. Soe. (Lon- 
deny. AUA 642 (1927). 

» Mayar and Brifl. Z. Kri^. 67, 670 (1923). 

* dlM Aadad oirolM indicate eatbon atonw; meyani atonu aia wp w aanted by tba 
ettetea; hydcopta^toai ara (anittod. 
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1.35 A was diosea as the distance between cariioa and ogqnem 
atoms. 

By turning the lower part of the model through 180° mid shifting it 
upward it will cover exactly the upper part of the model. Ihus, the 
cellobiose configuration reveals the prindple of a diagonal screw a]Tange> 
ment. X-ray analysiB has shown that the same principle prevails 
parallel to the fiber axis and that the screw component equals half the 
recurrency pattern, that is, 5.13 A. 

Since the length of the cellobiose model measures 10.25 A, it is 
evident that this length is almost identical with that of the recunency 
pattern. 


Fig. 7.— From CHark, “AppUed X-Rays,” McGrsw-HiU Book Co., New York and 
London (1940), 3rd ed., p. 607. (Ck)urte8y of the publishers.) For the sake of 
clarity, only three chains are shown, 

fVimh inin g the Various pieces of evidence, Meyer and Mark con- 
cluded that in the basic cell the cellobiose residues lie parallel to the 
6-axis. Meyer and Mark’s arrangement recently modified in accordance 
with Meyer and Miseh’s suggestion, *»“ i.e., with the glucose residues 
pointing alternately in opposite directions, is shown in Fig. 7 . 

Recently Sauter has proposed a unit cell for cellulose which deviates 
materially in some dimensions from that suggested by Meyer and 
Mark. However, the controversy which arose between Me^r and 
Mark and Sauter seems to be clewed by the result of investigations 
which Gross and Clark undertook with the object of arriving at a 
definite decision. These authors could show that the x-ray patterns 
which they obtained from very different tjTpes of cellulose wrae all 
consistent with the Meyer and Mark unit cell. 

Meyer and Miaoh, Sebi. Chim. Ada, 90, 232 (1937). 

Groee and Clark, Z. Krist., 99 , 367 (1938); Textile Seeearch, 9, 7 (1988) : eee, also,, 
ffiofintfi Z. pkt/sii. Chen., B4S, 79 (1939). 
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iat aii{»niximate idea d siae and the duipe of tibe ndedKae or 
<S 7 i^a!lit 68 has been deriimd from the breadth of the hyperbdas (layear 
of the diagram. Aooordingiy, the mioella of the ramie fiber is 
mdculated to be a rhombus which measure at least X along the 
fiber aids and 60 by SO A across this direction.^** 

The miodlae in the native-oellulose fibers are all oriented parallel 
to toe fiber axis; in cotton they are turned sjnrally around the axis,*** 
whereas in artificial fibers and in films orientation is miMing unless it is 
produced by strettoing. The flax fiber shows the hi^iest d^;ree of 
onentation.*** The orientation of toe micellae is directly related to toe 
strength the fibers, since toe latter increases with the degree of the 
fonnw. 

Meyer and Mark’s original conception of the possible arrangement 
of the micellae in the fiber is shown in Fig. 8. Here (o) indicates primary 



Fra. 8.— From Cawk. “Applied X-Ray*,” McGraw-Hill Book Co., New York (1932), 
2nd ed. (Courtesy of the publishers.) 

valences between the glucose anhydrides, (b) secondary forces holding 
the chains in bundles, and (c) “tertiary” or “micellar” forces between 
the micellae.*** 

At the present time Meyer and Mark’s conception of the micellar 
structure of cellulose is undergoing some essential changes. These 
changes appear to be justified, chiefly (1) by the recognition that x-ray 
analysis reveals a considerable part of the oellulosic substance to be 
non-crystaS^ in nature and (2) by the probability that the chain 
moleeaka, on toe average, are much longer than has been deduced 
from x-ray data. Tbeae considerations have led to an arrangement as 
de{)icted in Big. 9, which represents Frey-Wyssling's conception.*** 

**■%. 0. Hanog, d’. FAv*. Chtm., M, 487 (1026) ; HengiteDbarg and Mark, Z. Kristy 
m, sn (1688) ; Omrk, Jmi. Sng. C/u>m^ St. 474 (1080). 

*** Farr aod Clark, Cwarit. JBovee Thompton IntU, 4, 273 (1032) ; laa, alao, Steinbergar, 
frartfoSMaarah, 4. 409^ 881 (1034). 

***1<on9. Fraai* JUttanlk. 4, 401 (1034). 

*** A liniiiar arrawSMnant i* diown in Hawlajr and Wlae, “CSiamiatry ol Wood,’’ Amor- 
ioaa CSMKdcal Sodoty Monopaidt. Chemical Catalog Co.. New York (1026), p. 26. The 
piotaie aeenia to wigiaate from Betfris, Am. NaturaUtt, fS, 410 (1930). 

, ^lia^WjWliog,'Fra<aida*iMi, as, ae2 (1930): M. 96 (1036): S7, 372. 863 (1087); 

JUBoiAAS,, H. 148 ( 1088 ). 
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Sinjiiar amograsaents have been suggested by Eratky,^ fay Mark,^** 
and others. 

Witih sueh arrangements the micellae have lost their fonx^ individ- 
uahty. Rather they appear as chain bundles of indefinite length al- 
thou^ they have retained their thickness of about 60 by 60 1. The 



Fia. 9. — Schematic picture of the submicrosoopic structure of native bast fibers. 
Above, transverse section; bdow, longitudinal view, much reduced in ciae. like Uack 
spots and lines represent the intermioellar spaces. From FVey-Wyssling, Papitr- 
Fabr., 38, 214 (1938). (Ckkurtesy of the pubUshers.) 

chain bundles are separated by intermicellax spaces of widely varying 
width. The parallel orientation is thou^t to be interrupted at irre^ilar 
intervals. "Where this state prevtuls that portion of the chain bundles 
is regarded as being of an amorphous or non-orystalline (“unordered") 

Kratky, N(dunnaHnichaften, M, 94 (1938) ; SOk and Rayon, IS, 480, 672, 634 (1939). 
Mark, J. Phyt. Chem., 44, 764 (1940). This article is an exceUentsmamaiy at fiie 
Studies which have led to the modem conception of the micellar stnietuie o( oethdose. 
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Bated, yAmeha tl» stiicljy paraliei portkms (indicated by the dotted 
hnes in the picture) rq>r^ent ci^^tailme (“oxtered") r^ons. Thus, 
tile chains ate assamed to pass through crystalline and amorphous 
legjcnus. The modem concept is gaining in popularity since it obviously 
is able to otohdn the properties and reactions of ceDulose more satis* 
factorily than the older concept of individual micellae of limited long* 
itudinal dimensions. 

THE FIBRILLAR STRUCTURE OF CELLULOSE 

The cell wall may be dissected lengthwise into fibrillae or fibrils, 
Le., thin donated units, 100 to 230 and more microns long,*** and the 
fibrils into fragments which are stiil discernible under the microscope, 
i.e., sections which are very much larger than the hypothetical micellae 
or chain bundle. The fibrillar fragments, known under various terms, 
vary in shape and siae, depending upon the method of dissection. For 
example, Wiesner’s “dermatosomes” measure 0.5 in length and 0.3 to 
0.5 It in diameter.*** Similar dimensions were found by Ltldtke, who, 
moreover, assumes that the length of the fibrils is determined by regu* 
larly spaced transverse elements (“Querelemente”),*®* and the shape 
and size of the fibrillar sections (dermatosomes) by fine membranes 
(“skin substance”)* The existence of transverse elements and of a skin 
substance could, however, not be confirmed by the botanists.*®* 

Other investigators have termed the fibrillar fragments “fusiform 
bodies” or “spherical unite,” *®* or just “cellulose particles." *®* Again, 
d^xending upon the treatment applied to the cell wall, the dimensions 
of the observed particles differ. Thus Farr*®* foimd the particles to 
measure 1.5 by 1.1 by 1.0 ft, and Wergin*** claims to have observed 
particles of only 0.25 by 0.2 by 0.2 ft. 

The fibrillae and fibrillar fragments are assumed by some investi- 
gatons to be held together by a non-oellulosic substance of colloidal and 

'** Bittw, Paper ItuL, U, 178 (1934) ; aee, also, Bailey and Brown, Ind. Eng. Chem., 
at, ST (1940). 

*** Wieaoar tt al., “Die Rcdistoffe daa Pflanaenreiobee,” Engelmann, Dreeden (1927), 
4th ed., Vdl. I, j>. 390. I 

**iLadtk». Aim., 4M, 37 (1928) ; BioeAem. Z., SSS, 1 (1931); CeUtOouehem., IS, 169, 
te(tlll38)!t«,l(l»3S>. 

•HFny-WyaiBng. P^ier-Fabr., St, 2U (1938). 

and dudeetar, l>a|ier Trod* J., 87, 1» (1928) ; Bitter and Sebwg, Ind. Eng. 
Chm.,», tm iitm. 

***Farr and Eekanon. Contrib, Seyee Thtmpton Inti.. 8, 189, 309 (1934) ; Farr and 
fitoon. dWL, 8. 818 (1^ ; Vm, Tegtil* Sttta rek, 8 . 818 (1938) ; J. Phyt. Chm., 48, 1118 
(1888)} IBamwa, Cenfribt Boye* Jltompten Inst., U, 61 (teO). 

*** WintiiB, FroisjdaMM, 88. 118 (18W). 
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amorphous nature. For example, Hess and his sdiool*^ ^artieularly 
Lhdtke^") assume a membrane system C'Haut- oder Fremdsubstaaz’') 
to penetrate the fibrillar structure of the fiber, whereas Farr and co- 
workers**’^ chum that the cdlulose partides, which constitute the 
fibrillae, are surroimded by a “cem^ting material” d pectle nature 
which serves to hold them together. If the cementing material is 
removed, which is said to be accomplished by treatment of the fiber 
with pectin-rmnoving agents, as, for example, aqueous ommonhun 
oxalate solution, but also with dUute or strong hydrochloric acid, the 
cell wall separates into cellulose particles. 

Although the various fibrillar fragments observed are of different 
dimensions they are regarded by the investigators named above as 
fundamental structural units. Farr derives this conclusion from the 
observation that the particles into which the cell wall may be disin - 
tegrated are found to be preformed in the protoplasm of the interior of 
the young cotton cell. In the later stages of cell development Farr 
observes beadlike chains made up of particles joined end to end, these 
chains uniting further to layers which form the ceU membrane. 

In contrast to the observations of LMtke, Farr, and others, I. W. 
Bailey cannot find any evidence, either in untreated or in carefully 
swollen fibers, of discrete entities of cellulose, that is, of fibrillae, derma- 
tosomes, or the like, which may be liberated simply by dissolving a non- 
cellulose constituent. Such units seem rather to be heterogeneous 
fragments that are shredded or disrupted from an originally continuous 
and coherent cellulose matrix. Any discontinuities in the structural 
pattern of cellulose are confined to the submicroscopic field, i.e., to the 
realm of micellae or molecular chains.*** 

It appears probable that by the various treatments which preceded 
the observation or the isolation of the fibrillar fragments the cell wall 
was chemically affected; this was certainly true where the cell wall was 
subjected to the action of dilute or strong hydrochloric acid for a 
certain period of time and sometimes at elevated temperature. Under 
such treatments, which were preferentially applied by most of the above- 
mentioned investigators, disintegration into particles was no doubt the 
result of hydrolysis. As a matter of fact, Kraemer ***• found tire moleo- 

Heas, Trogua, Aldm, and Si^urada, £er., M, 408 (1931) ; Heaa, NatumiaimttAnflen, 
$M, 472 (1934). 

Farr, ContrA. Boyct TIumpmm Intt., 19, 71 (1938); U, 181 (1941); Compton, tKcL, 
10, 67 (1938) ; J. Am. Chem. Soe,, 00, 1807 (1938) ; Biaac^ Conltib. Boyee Thernymn Intt., 
10, 113 (1938). 

*** Bailev and Karr, /. Arnold Ar6ora<«ai, U, 373 (1936) ; Ktcr and Bailaqr, AH,, lA 
327 (1934) ; 16, 273 (1036) ; It, 261 (1937); Bailee, ind. Eng. Chtm., 39, 40 (1938). 

Kraamor, Ind. Eng. Cham., 30, 1200 (1M8). 
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iAmt oI Faarr% partides (detertaaied by tbe ultmceiltrijNigal 

to be (miy dbout 40,000. 'Hiis is less thaa cme>twelftl]i ai that 
taraaliy foimd aa raarooittoQ fibers which Fair and oo-workers used as a 
source for the isdatiou of cellulose particles. 

Farr's dtowatUm that the raw cotton &bet on thorough treatment 
with aqueous uTmtuminm oxalate solution disintegrates into partides 
eouM not be confirmed by othor investigators, whidi makes the 
ezistmiee of a cementing substance as a ftmdamentci constituent of the 
oelluloee fiber and the conclusion drawn therofrom rather problematical. 

Mark has summarized our present knowledge of the structure of 
the odhiloee fibo* in a number of ima^nary photomicrographs which 
show adiat could be aoea if it were posdUe to achieve magnifications 
tq»toap(mit where 1 A would equal 1 on. (1 ; 100 million). Thereaderis 
referred to this summary. 

The use of the deetron microscope seems to oSer the possibility of 
nu>.lrit>g visil:^ such structural dements of the fiber which cannot be 
detected under the mierosoope. A great portion of the system of hollow 
spaces (c8{»Uary syston) and of the micellae fall within the resolving 
power of this new tod (3-^ mii). Ihe results of recent studies *** seem to 
emifiim the concept dmved from x-ray analysis. 
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GEHEBAL INtEODTJCTIOlf 

No borderline distinguishes fdiysical from chemical pr( 9 >ettie 8 , 
and this chapter will consider properties like entropy iiduch m^ht be 
called chemical. On the other hand, not all physical properties of or- 
ganic compounds which are dependent on their chemical constitution 
will be dealt with. Some are treated at length in spedal chapters of th» 
book, and for the others, in view of the limited space, preference will be 
given to those properties and relationships which are best understood, 
and to those which are most important for the practical organic chemist. 
Aside from purely academic interests, knowledge of the relation between 
chemical constitution and physical properties may be utilized to investi- 
gate the constitution of compounds, to check their identity, and to serve 
as a guide for the production of new compounds with spedfic properties. 

The term “constitution" refers to the arrangement of the atcans in 
the molecule but does not have a strictly fixed meaning. After a de- 
velopment which in its later stages was marked by the names of Kolbe, 
Williamson, Dumas, Laurent, Couper, and Gerhardt, the constitution 
of an organic compound was, from about 1865, in general considered to 
be fully described by Kekul4’s “dash" formulas, which give account of 
the atoms and bonds, disting uishing the bonds as sin^e, double, or triple. 
The importance of the spatial arrangement of the atoms in determining 
the behavior of organic compounds toward polarized light, and ds-trans 
isomerism, was discovered one to three decades later by van’t Hoff, 
LeBel, Wislicenus, Hantzsch, and Werner. Certain conventions were 
adopted which made it possible to use Kekul6’s dash formulas for the 
description of the geometrical and spatial arrangement of substituents 
on doubly bound atoms and about “asymmetric” atoms. At the same 
time it was realized that various organic compounds could not be ade- 
quately represented by a single formula, and the conception of tauto- 
merism arose. A new species of linkage, the coordinate bond, was dis- 
covered by Werner, and ionizable and unionizable linkages were dis- 
tinguished. Eventually the electronic theory of valemqr of G. N. Lewis 
afforded an interpretation of the latter two types linkages in terms of 
atomic physics. The unionizable linkages, for which the "dash" was 
more and more reserved, was understood to be due to the sharing 
two electrons by two atomic nuclm, the electrons bmng contributed 
either by both or, in the coordinate link, by one of the atoms. The 
ionizable link ori^ates in the complete transfer of one e^ectiron &om 
the nuclear forces of its parent atom to another atom; this transfer 
leaves the donor atom with a positive charge and contributes to the 
acceptor part of the molecule a negative chaige. 
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Tlie ideas of mesomei^, iodaetive dTeof^ etc., were next e(»Meived, 
uui most rece&% the quantum-mechanicai treatmeat of London, Heit- 
BauQng, and others, led to the eompieheoEive theory of resonumce 
(see Ciuq»ter 26). Tbs ideal ocmstitutioiukl fonnula is now oondd^red 
to be a three-dimeoaonal graph whioh deseiibes the molecule by giving 
&e loeatifais &e atomic nuclei and the distribution probal^ties of 
the eleetroiu. Few maiQr purposes, however, the old formulas 

are suffli^t, convenient, and advantageous if used with a proper 
apinedation d thdr limitationB. 

It k difficult to detemoine the value of the various physical properties 
for the purpose of studying constitution in its various aiq>ects. The 
evalostion d^)end8 on the accuracy of the experimental data and cm the 
theoretical background of their determination and interpretation. 

Ostwald^ daaaified ihiymcal properties as addiiwe, eonHiiutive, and 
eeUigdme. Additiue {Hopertaes are those which are rdated only to the 
kind and number of the atoms and are not influenced by the nature 
of the chemical linkages in the molecule, e.g., the molecular weight. 

CmMitutwe properries dep^d not only on the kind and number of 
the atewns, but also on their arrangement in the molecule; their study 
Btanetimes allows oondudons to be drawn about the intramolecular 
arnu^ement of atcuns. Certain constitutive properties, like refractive 
index:, dipede moment, and optical activity, depend only on the indi* 
xidual moleoiles; these may be termed comiitvtive propertiea of the 
favt order. Other oemsritutive properties, like viscosity, surface tension, 
and melting point, are connected with the aggr^tion of the molecules; 
these may be termed eonsHtvtive propertiea of the aecond order. The con- 
sritutive properties of the second order depend primarily on inter* 
mc^oular relations but they are influenced also by the constitution of 
the hitcuacting molecules, inasmudi as the constitution determines to 
a greater or lesa extent the intmncdecular forces. The importance of 
cenu^itutive properties of the second order as affording clues to the oon- 
stihiiloii of moleculeB varies with the classes of compounds and with 
the hiformation wfaidi is wanted. Valuable clues can be obtained, for 
inrtaenee, within a pdymeric series, fay measurements of viscosity, and 
fackriiat a com|lbund has a certain melting point may exclude oer> 
tain i^etuies and be compatible with others. 

CdUf0»e properUee as defined by Ostwald do not depend <m the 
, ehendcal nature of the materkt but t^y on the number d particlee per 
umt voiume, e.g., the pressure d gases, the depreerion freeaing points, 
and the exa^tikms of the bdlingpomto of solvents by a solute. A.ooord' 

* OatwiM. ■JlgwruiocP Chemfe," and «d., Alad. Vetke, l^pcig (1010), 

1.1m, 


coNsrmrmK ani> raYscAL momeaum t7^ 

mg to Odtwald so constitutiTe ftotor plays a part in tbo^ propeiiJas. 
However, where Ute aumber of pertkiee depends on the dksodation and 
association of cconpounds, whidi in turn are related to the constitution, 
ooUigative properties may offer dura to the arrangement of atoms in ^ 
substaratea 

The great importance of the constitutive factor in many i^ydeal 
propertira is illustrated by a table of some properties of the isomeric 
xylenes. Bicbards ‘ has pointed out certain relationships existing be- 
tween various properties. Thus, additive factors being equal, as in a 
group of isomers, substances with higher densities and smaller molecular 
volumes have higher boiling points, higher heats of vaporization, higher 
refractive indices, higher surface tensions, smaller compressibilities, and 
smaller coeffidents of expansion than substances with lower dendties. 


TABLE I 

CouFABisoN or Physical Fbofsstieb or Ibohebs 


Property o-Xylene m-Xyle&e 

Boiling point, “ C. 144 139 

Melting point, * C. —28 —54 

Denaity 0.8811 0.8668 

CompreasibiUty ^ X 10* 61.2 64.8 

Coefficient of expansion X 10* 973 994 

Molecular heat of vaporiiation (Cal.) 8 76 8.71 

Surface tenaon (mg./mm.) 3.09 2.96 

Refractive index 1.6078 1.6002 

Preeaure to produce M.P. at 30“ 490 2400 

Dipole moment 0.68 0.46 

Dielectric constant 2.663 2.371 


p-Xylene 

136 

+15 

0.8611 

67.6 

1009 

8.60 

2.92 

1.4986 

4000 

0 

2.269 


Studies by Schurman and Boord * on the effect of the shift of the 
double bond on the properties of a number of isomeric oleffus afford 
other examples of constitutive inffuences. In Table II are collected 


TABLE n 


DmuvATTVxs or n-OcraKs 


Structure 



Boiling Point 
{“ C./760 mm.) 
126.59 

124.6- 124.9 

122.7- 122.9 

121.9- 122.3 

120.9- 121.2 


Density, df 
0.70279 
0.7193 
0.7181 
0.7184 
0.7161 


Index cl 
Rdiaction, nS 
1.39760 
1.4147 

1.4139 

1.4140 
1.4091 


> Bioharda, Tront. Faraday Soe., Si, 111 (1988). 

* Schurman and Boord, J. Am. Cham. Soa., W, 4980 (1933); tUa payat tatOaSm refer 
encee to earlier work in this sslee. 
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iatiftOQ libeiiioiKifil^modeiiv^ of *wootaae; the prqpwties of 7 m>o> 
aa ttiwKace points. It is seen that except for l^ootoie 
the l^caiuiig pointe beccone increasingly lower than the boiling pdnt of 
Tfr-oetane es the doubb bond approaches the center of the molecule. 
The refractive indices and densities do not vary regularly with the 
poation ci the imaatuiated linkage. 

Tshle in presents data frcnn which may be seen the effect of branched 
chains and the positum of the double bond on the properties of hexenes. 

TABI£ m 


Struetuie 

HxxxMBa 

ab.p. 


4nS 

C 

t 

oo-c-c 

1 

-9,5 

+0.0011 

+0.0050 

1 

c 

C-C 

1 

-9.6 

+0.0064 

+0.0042 

1 

c 

1 

-6.5 

+0 0138 

+0.0081 

1 

c 

-6.1 

+0.0137 

+0.0107 


In the table, A values represent deviations from the properties of the 
corresponding saturated hydrocarbons. 

OtW general studies by Mi(^ey and Henne,* by van Arkel,* by 
Yc^,* by Calingaat and Hladky/ wd by other authors on the reb- 
turn between constitutive factors and a variety of physical properties of 
hydrocarbons, esters, acids, and other compounds have r^peared in 
recent years. 

The irUerm^ecular forces which govern the constitutive properties of 
second order are those expressed in the value a of the van der Waals 

(,+l)(.-s).Br 

equation, and have been rather weU elucidated by the work of London, 
Debye, and Keeaoia. 

• Hidgkv tad Bhum. Ini. Stg. Chm.. t>. fi42 (1930). 

• vm Azipl. Ste. frw. CMm.. M. 247 (1984). 

^CdiasMrt Mid Blwftr, /. 4m. Chtm. Soe., W, 183 (1986). 
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Hie most important part of this attracting force is tiiat which was 
ei^lained by London * on a theoretical basis by means of wawB^meduin* 
ics. This f(s%e is umversal, and effective between noorpolai' molecule 
and atoms, e.g., the noble gases, as well as between polar molecules 
and ions. The values characteristic for the different atcnns which enter 
into the calculation of this force are the same as enter into the disper- 
sion formula; hence the London forces and the atomic wd molecular 
refractions are interrelated, and both are connected with the polorizar 
bility of the atoms and molecules. 

Molecules which contain piermanent dipoles are also, as exphuned by 
Keesom,* subject to electrostatic forces. These molecules tend to ori^t 
each other in a manner which provides the marimnm mutual attrac- 
tion, for instance, as shown by Thermal agitation dis- 

turbs this arrangement of lowest potential energy and the intermolecular 
forces are therefore temperature-dependent. In the position shown by 
the diagram, the dipoles and therefore the attraction of the molecules 
will increase by polarization. In the reverse position, in which the 
molecules repel each other electrostatically, their moments will become 
smaller by polarization and the mutual repulsion will decrease. Hence 
the polarization of the dipoles contributes in each porition toward the 
attractive forces, as was shown by Debye.“ 

A specific factor contributing to the attraction of molecules, in which 
the above-mentioned forces combine in a particularly effective way, is 
found in the hydrogen bonds “ (see Chapter 25). Enhanced by reso- 
nance, these bonds can provide very important intermolecular attrac- 
tions of about 6 kcal. per mole. 

In addition to these attractive forces, there are repulsive forces oper- 
ating between all atoms and molecules at small distances, which set up 
rigid barriers to their closer approach. These forces are frequentty 
termed stenc. Orientations which hinder the contact of the groups and 
atoms which otherwise would produce strong intermolecular forces, and 
the reduction of the surface of the molecules, e.g., in branched hydro- 
carbons as compared with normal ones, can cause very marked ^ects. 

Temperature and pressure influence most of the physical properties 
of the second order. For purposes of comparison and evaluation, it is 
therefore important to determine the physical properties under oondir 

• (a) London. Z. Phyni, <S. 245 (10%) ; (6) Z. phyni. Chem., Bll. 222 (1930). 

• Keeiom, Proc. Aead. 3d. Amderdom, IS, 636, 868 (1016) ; Phydk. Z.,SS, 129 (1921). 

M Debsre, Phy$ik. Z., II, 178 (1920) ; It, 302 (1921). 

u Huggins, J. Org. Chem., 1, 407 (1936) ; Lustre, Ckrnn. Ss«., 10, 250 (1037) ; Pul- 
ing, "Nstun of the Chemicsl Bond," CJorndl University Press, Ithus, N. Y, (19M), 
.Chapter IX; Tratw. Faraday Sot., SI, 871-929 (1940). 



Qsotimc csmmmY 


tiong In wttybi these bnpoKMl mflueooei eftB be ai^Mte4 Hiis ii eoene- 
times aefaievad by eoctMp&lation to Umitmg conditioiui, and smnetimes 
by eombining the analy^ of measoiements of several prc^sertieB Into a 
faction whidb is ind^endent of the experimental conations and more 
suitable for tzeatmenl Furthomore, a study of the van dw Weals 
equation idiowa that substances at the critical points of pressure, tem- 
perature, and volume or at equal fractions of them are in comaponding 
stmes, and suitable for oomperiBon. 

As mentioned above, it is sometimes advantageous, in order to obtain 
information about the constituticm of compounds from their physical 
properties, to derive from the measured data certain functions like molec- 
ular refraction, dipole moment, and paraohor. This leads to another 
dassification of physical properties into these derived, secondary ones, 
and into the directly measured primary data like melting point, refrac- 
tive index, and dielectric constant. 

It will not be possible in this chapter to discuss at length the experi- 
mental and theoretical background of the physical properties under con- 
sideration. It wUl be shown, however, for each property, whether it is 
directly measured or derived, and if derived, from what directly meas- 
ured data. 

Hie connection between a physical property and the constitution of 
compounds is usually established by the breaking up of the niunerical 
values of the physical property into values of the structural units which 
compose the molecules, of atoms and groups, linkage, and other con- 
stitutive elements. This analysis may be achieved by inductive or by 
deductive methods. In the first case, a number of known compounds is 
mibmitted to measurements and the results are analyzed. In the second, 
fundamental theoretical deliberations lead to an understanding of the 
eiqiraimental data in terms of the constitution of the compounds. In 
the practical casea where physical properties are correlated with con- 
stitution, usually a combination of both methods is used. 

The properties which are considered in the following first group are 
determii^ by measurements of weight, volume, temperature, surface 
tension, and visoeMdty. The second group oi properties discussed are 
those w^ich are determined by the obeervation of their behavior toward 
eJeetromagnetio waves and electrons. 

With zsue exceptions, all these measurements are made without the 
destiuction of the substances inv^tigated. The determinations, how- 
sver, wbidi are the batie for the thermodynamic properties to be oon- 
tidei^ in the last section, frequently involve iiteventible chemical 
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CONSnTDTION AND PHT8ICAL PROI^TIES 

ICBXTnrO POINTS AND BOIUNO POINTS 

The melting point “ is charactaistic for ciystals. It is the temper- 
ature at which the thermal agitation of the units composing the crystal 
lattice becomes so great that the lattice collapses. Tlie heat which is 
absorbed in the transition is the latent heat of fusion. The melting 
point rises with increasing strength of the intermolecular forces md, 
therefore, with the closeness of the packing of the atoms or atom groups. 
It also varies with the type of the crystal lattice. Thrae three factors — 
intermolecular forces, shape of the molecules, and type of the lattice — 
are interdependent. Organic molecules in many cases are flexible about 
the single bonds through torsion. They will assume certain configura- 
tions according to the forces impressed upon them, and vice versa, and 
the crystal lattice depends on the shape of the molecules and on the 
electric fields. Often more than one crs^tal form representing an energy 
minimum is possible: polymorphism. Greater symmetry and rigidity of 
the molecule increase the amount of energy necessary to produce a dis- 
turbance through which the lattice collapses; e.g., the melting point of 
fumaric acid is higher than that of maleic acid, and the melting point 
of succinic acid lies between the two. This summary shows not only 
that constitutive factors have ample chance to influence the melting 
point, but also that their influence is manifold and complex, so that no 
general simple rules may be expected. 

Franchimont, Eykman, and van der Kam “ found that the melting 
points of organic compoimds rise when two H-atoms bound to the same 
C-atom are replaced by an 0-atom, or one H-atom is replaced by an 
OH or NHz group, and that the melting points are lowered by replacing 
H which is bound to oxygen or nitrogen by CH3. These variations are 
readily understood on the basis of the above general statements; the 
melting points rise with the introduction of more polarizable atoms and 
an increased opportunity for hydrogen bond formation. For the smne 
reason, compounds with normal chains have, in general, higher melting 
points than the isomers with branched chains; the shape of the former 
gives more opportunity for H , H attractions, which are a source of 
intermolecular forces. 

On the other hand, branched molec\iles of high symmetry — ^obular 
molecules — may have exceptionally hi^ melting points; thus, hexa- 
methylethane melts at 104° C., and n-octane at —56.6° C. Timmer^ 
mans ^ has drawn attention to this phenomenon and suggested that 

Timuiemi&nfi, Inst, intern, chim, S<dtau, 4 , 191 (1931). 
van der Kud, Rec. brae, ekim,, 41 , 734 (193S). 

M TimaarmaiM, J. thim. rtty*., M, 331 (1938). 
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H^skiaka fikoleeates ebBoib » oonddeEsble amonmt of eongy as rotaiaoaal 
mmfff m^out cauang a od]i^)6e of the taystal latlioe. Below the 
xodtiog pdntji sudb substanoa in the solid state uodeigo a transforma* 
tion whidi in many tespects, e.g., in the specific heat and dielectric 
oonstant, makes th^ resemble Squids- 

Bi many honufiogous series, the melting points rise with increaring 
moleeulax weight, evidently thiou^ the greater intennolecular forces 
aering between the larger molecules. Tl^th the initial, members of ho- 
nufiogous series, the addition a CH 2 group frequently lowers the 
mating p(^t, because the interference with the forces between the 
characteiistac groupe, like — CXlsH and — OH, by the new groups is 
greats than t^ gain of intermoimilar forces through them. In some 
series with strong forces between the characteristic groups, like the 
dieaiboxylic adds, this lowering of the melting points with increasing 
molecular wdght persists as a general tendency throughout the series. 
As the effects of the chains dominate those of the characteristic groups, 
the melting points of the higher members of a number of homologous 
series approach a common limi t of about 120®.“’ “■ “ However, the 
convergence points for quite a number of series differ markedly, indi- 
d^bog the importance of the characteristic groups for the packing and 
the coherion in the crystals, evm in compounds with long chains. 

The change in the melting points of homologous series with the addi- 
tion of CH 2 is in some cases continuous, e.g., with the aliphatic alcohols, 
the ketones, and the fatty add amides. In other series, the fatty acids, 
the normal paraffins, the dicarboxylic add diamides, the glycols, the 
slkylmalonic adds, etc., the phenomenon called alternation or oscilla- 
tion occurs (Fig. 1). 



Vto. 1.— MUtiag.]K»nte of homologous msbnie estem C«Haa 4 ^iCH(CX)iR)t. 
V«ttaa>aad$|^Jr..BK.tr«.dW*u«e.MBUMa!). (dmrtwy g( piAliiawn). 

“ TlmaWTOliSl^Jf Cangr. futtnufivid, IWC. 

<« Twkwioa^m«|«. Jr., Btc. ir». Aim., 4t, 668 (1S30). 
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The oscOlatioD of physicaJ constants, like mriting point and heat of 
crystallization,” sometimes conosts in the fact that, in a homcdc^us 
series, with an increase of CH 3 , an increase and a decease of the con- 
stant in question alternate (see Figs. 1 and 5); the mailing ptnnts and 
the solubility in water of the normal saturate dicarboxylic acids are 
examples of this t 3 q)e of oscillation. In other cases (see Fig. 2), only 



Fio. 2. — Viscosity of diethyl esters of dibasic acids. 

From dfttft of Coder. Ann. C/nif . Fennictu A6oenns. Ser. A2, No. 4 (1926) [C. A., tS« 3137 
(CouftMy of pubhihers.) 

larger and smaller increases of the constants alternate with each other. 
No essential difference exists between these two types, which are called 
complete and incomplete oscillation. If the decrease or the smaller in- 
crease of the constant in question occurs when passing from a member 
of the series with an even number of carbon atoms to the next (odd) 
term, the oscillation is called even or normal oscillation; the reverse case 
is named uneven or inverse osciUaiion. 

I The oscillation has been interpreted as due to the facts that the 
hydrocarbon chains have a zigzag form, which was confirmed by x-ray 
structure analysis, and that the more symmetrical members have a pori- 
tive increment, the less symmetrical members a negative one. In ac- 
cordance with this, even oscillation of the melting points is observed 
with paraffins and terminal dihalc^nides, dihydroxidea and diamines, 
the dicarboxylic acids and all their derivatives, while uneven oscillation 
occurs with alkyl monohalides, mercaptans, etc. 

Tammann,** on the other hand, explains the alternation by a s su ming 
that, for example, fatty acids with even carbon numbers occur in two 
polymorphic forms, while the odd-membered adds lack the higher-melt' 
ing modification. 

Weygand and Grtlntzig ” contributed an interesting observation to 
this question. They studied homok^us monoaddic trii^ycerides tiddch 
show osdllation of melting points, and found that these oompoomte 

uOaiDM’, J. CLm. &e., 2491 C1920). 

'* Tsmnwnn, Z. mart. eUgm. Chan., 221 11990) UA, 268 11921). 

Wqrsuid and Qrftntiis. ibii., MS. 818 (1982). 
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k |)d!ymca7>l»}U0 inodific^ The pcklgmatHiikHis individuals of 
ik) diff^at homdtogs wiiich closely resemble «wdi other oiystatopti- 
«i^ were arranged in oecrespfmding seriei^ and it was found that the 
meitmg pcdnts within these series rise continuoudy. 

A phenomeatm of somewbat related nature is the so^Ued peri- 
odicity. Ihe ooounrfflioe of anomalous properties in homologous series 
at, or in tl^ neighborhood of, the fifth (see for instance Fig. 1 ), tenth, 
and fifteenth membeie has been interpreted as indicating the arrange- 
ment of the carbon atoms in a chain in the form of a spiral or helix.” 
However, there is no indication of a periodic repetUion of melting-point 
minima. Furthermore, the minima lie, with the fatty acids, at the 
compound with a butyl group; with the paraffins and primary aliphatic 
alcohols, at the member with the propyl group; with alkyl halides, at 
the ethyl halide, and in some series hi^er than at the five-carbon com- 
pound.“’ * 

In the henxene series the melting points rise from the ortho to the 
mtta compounds and from the meta to the para compounds if the sub- 
stituents are of the same kind. Beacall summariaes an investigation 
of the melting points of simple henxene derivatives as follows: The in- 
troduction ot a pair of chlorine or bromine atoms in para position to each 
other increases the melting point in an approximately constant ratio. 


TABLE IV 

InTBODOcrnoH or two Chaoxnot Atomb ut para Position 


Baosene Compound 

M.P. (TL) 

Batio 

Beoxeue 

278.4 


p-Dkhlorobeiueiie 

326 

1.17 

••Tetnuthkirobenseiia 

410.6 

1.26 

HexaidilaTobeiueiM 

600 

1.22 

1,2,4-TiichlarDbenceDa 

289.6 


FenUchlorobeiuene 

368 

1.23 

H<aiobromobeiu«ne 

242 


l-Br(»Do-2A-diahkirobe&ieDe 

807 

1.27 


etc. 

The introduction of a simple "asymmetric” halogen atcun into bensene 
at substituted halogen bemene lowers the melting point in 

an approximately ocmstant ratio. The rule of Watt and Carnelley that, 
the mtm gjmunefaioal the constitution of a bemene derivative », the 
higher is the meltiBg point, holdB only for derivatives with mbstitiieitti 
of the easoe kinfi 

^ItemenaaiM, Bp&. we. eftjm. Bflf.. W, 282, 1120 (1820>, 

” BmcsU, Bw* ear. oMa., er, 87 (lek). 
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TABLE V 


Imtboduction of onb Chlokimb Atom 


Benzene CJompound 

M.P. (TC.) 

Batio 

Monochlorobenzene 

228 


Benzene 

278.4 

0.82 

1 ,2,4-Trichlorobenzene 

289.5 


1 ,4-Dichlorobenzene 

326 

0.89 

Fentachlorobenzene 

358.6 


«-Tet»chlorobeniene 

410.6 

0.88 

l-Bromo-3, 4-dichlorobenzene 

297.6 


l-Bromo-4-chlorobenzene 

339 

0.88 


etc. 

Formulas have been pven from which melting points can be calcu- 
lated with reasonable accuracy. 

Austin ® has suggested the equation 

logM = A+Br» 

where M is the molecular weight, T„ is the melting point, and A and 
B are constants. The constants A and B are generally different for each 
homologous series, although the cohstant B, which gives the slope of 
the curve, may be the same for several different series. Thus, for 
71-hydrocarbons and n-alcohols, B has the value 0.0040, and hence the 
log M, Tm cxuwes for these series have the same slope. Variations in the 
structures of homologous series usually produce changes in the slope of 
the curves. The curves for monosaccharides, aromatic alcohols, and 
aromatic acids have negative slopes as contrasted with the positive 
value of B found for paraflSn hydrocarbons. 

King and Garner ** observed a relation between the number of car- 
bon atoms in a fatty acid molecule and the entropy change on crystallisa- 
tion. They found that in acids containing more than twelve carbon 
atoms the heat of crystallization, Q, increases at the rate of 2.06 kcah 
per g.-mol. for every two CH 2 feroups added. In the same series, the 
melting points first drop to a minimum at four or five carbon atoms 
and then rise and gradually become linear. In this, as in most other 
aliphatic series, the odd and even carbon compounds form two separate 

*> Awtia, J. Am. CKen. Sac., BS, lOM (1030). 

** Kina and Oamer, J. Chem. Soc., 678 (1031). 
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soiee, Ute n^taog pdnts of vfaich eventually ^>proach a oommon 
curve.** figure 3 iQustrates the data oS King and Gamer. 



Fig. 3. — Mdting pointa aod heat of crTstallisation of n-fatty acicU. 

(Q » lieat of oryitelUsaiioD in e4lortes per moU ) 

FhtfD dftU of Sine and Oerxiar, /. CJWm. See., 578 (1931), (Courtesy of paUiahen.) 

The heata of fusion, H, and the melting points in absolute tempera- 
ture, T, are roughly related by the Crompton-Walden rule: 

AH 

— = constant 

At the boiling point under atmospheric pressure, the thermal agita- 
tkm of the particlra of a liquid becomes so great that the particles leav- 
ing tl» surface of the liquid exert a pressure of 1 atmosphere. The 
energy absorbed in the transition to the gaseous state is the latent heat 
of vaporiaatimL. Hie question wheth^ the heat of vaporization is a 
property nKasurud under conditions suitable for comparison is answered 
hy Ouldbetg's nito that the boiling point equals about two-thirds of the 
e^cai tetnp MatBTB. liquids at tire boilii^; point are therefore in cor- 
reqponchng states. 

‘ **(a) Sa^mod and Wwifater, J. Ato. Cfrnn. Soe.. SI, 2487 (1029); (»} Oiuit and 

aaOMar, JEah. Cfcm. data. 11. 860 (1029) ; (c) Riuioka. RaS. aw. Aim. BOg., 41, 606 (1032). 
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A numerical relation between boiling point in absolute tempemtuK, 
Tbpi and latent heat of vaporization, X, is pven by the IRctet-Troutcm 
rule: 

X (in cal.) ■« a Tar- 


a ®s 20, except for OH-containing substances, where it is about 26. 
The rule is plausible because both boiling point and heat of vaporization 
depend on the intermolecular forces.** The deviation of the OH-con- 
taining compiounds may be caused by hydrogen bonds. 

Of the numerous equations developed for the prediction of boiling 
points, the following expression of Nekrasov** may be dted as an 
example: 


Tap = K 


M -S 
VS 


M is the molecular weight, 2 the sum of certain empirical equivalents 
given in Table VI, and K a constant (about 29.0 for hydrocarbons). 


TABLE VI 

EgorvALENTB FOR Caiatulation of thb Boiuno Points of Oboanic 
CoMPOCNOs (Nekrasov) 


c 

2.0 


Each C atom more than 10 

+0.25 

H 

1.0 


=CHz 


+0.26 

Tert. C in ring 

1.50 


— CHj on tert. C 


+0.26 

Qu&t. C in ring 

1 75 


— CH» on quat. C 


+0.60 

Double bond in 



c — c= 


-0.60 

2 rings 

1.00 


1=0= 


-1.75 

Benzene ring 

1.00 


— CH=CH— 


-0.75 

Other rings 

Sat. 

Unaat. 


Sat. 

Unsat. 

3 members 

+0.75 


5 members 

0.00 

+0.60 

4 members 

+0.20 

+1.00 

6 members 

0.00 

0.00 


The calculation of the boiling point of ethane will serve as an example 
of the use of the data in Table VI. Ethane has 2 carbon atoms and 6 
hydrogen atoms; the value of S is equal to2X2 + 6Xl = 10. If 
the value 29.0 is used for K, Tbp is calculated to be 183®. The boiling 
point of ethane is observed to be 185® K. 

The simpler formula ** is applicable with non-polar compounds. 


Tbp “ 


2 


u London, Z. phyiik. Chen., Btl, 242 (1930) ; Hinohfelder and Eyriog, J. Ph^t. Chen, 
41 , 249 (lOSr). 

** Nekrasov, Z. jAytik. Chem., A141, 378 (1929). 

** Nekranv, Md.. A148, 216 (1930). 
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Asandlng to van Axied,* the bdSiog pdats of mmrpotar eempoanda 
em he oamputed Iot moteculee ooctakuag only cuhon and halogen, by 
jneaos of tibe formula 


Tbp 


(V-Vc)* 

Y 


K. 


y is the molecular volume, V, the atomic volume of carbon, and 
Ka is a constant involving the a of van der Waals equation. The 
wjuare root of a exhibits additive diaracteristics and can be calculated 
from atomic values. *• Table VII shows comparisons of calculated and 
observed boiSng pomts. Ibe data of Table VII establish the general 


TABLE VII 


BonJNO Points CAiKnrLATXo fbom Atomic Voluiixb 


11.0 Va - 22n 

Vbt 

- 29.1 Vt 

- 89.6 Vo 

Compound 

V 

Tap (calc.) 

Tap (obserred) 

CBr, 

127.4 

468° 

462° 

CQIBrt 

121.1 

428 

433 

CCliBti 

114.8 

406 

408 

CCUBr 

108.8 

378 

877 

ecu 

102,2 

349 

349 

CCliF 

00.4 

298 

298 

CCUFt 

78.8 

249 

248 

CBtiF 

100.3 

880 

380 

CBi^Ff 

91.2 

300 

298 

CF 4 

68 

180 

143 

ocui 

lie 

419 

415 

CX31Br==CaBr 

126.8 

446 

445 

ccap=ccu 

114.2 

302 

894 


relial^ty of the method of calculation for rum-palar or only slightly polar 
compounds. 

More recmtly, Egloff, Sherman, and IXill ** have pven the equation 
r-olog(» + fc) + fc 

where T is ibe bcding pcnnt in degrees absolute; n is the number of car- 
bon atoms m the inolecule; a, b, and k are oupirical constants. When 
these were evaluated frmn the bdling pcnnts of the normal alkanes and 
the dbserved boiling points were compared with those calculated accord- 
ing to the formula above, very good agreement was obtiuned, as shown 
in Table vm. 

»na Arfcri, JUe. tnu. tkm,. It, IWl (19W) ; M, 71». 738 (1033) ; IS, 01, 3M (1034). 

•JSaae. fltemsB. and OuS, /. PAy*. Chsm., 44, 73Q <1040), 
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TABLE Vm 
Nobual Alkahxs 
T m 746.42 log (n + 4.4) - 416.81 

T T 



Number of 

(Observed) 

(Calculated) 

AT 

me of Compound 

Carbon Atoms 

“K. 

°K. 

°K. 

(Methane) 

(1) 

(111.66) 

(129.63) 

(-18.08) 

Ethane 

2 

184.6 

184.6 

0.0 

Propane 

3 

230.9 

231.6 

-0.7 

Butuie 

4 

272.6 

272.7 

-0.1 

Pentane 

5 

309.08 

309.08 

0.0 

Hexane 

6 

341.88 

341.80 

+0.08 

Heptane 

7 

371.53 

371.62 

+0.01 

Octane 

8 

398.88 

398.75 

+0.13 

Nonane 

9 

423.83 

423. 8S 

-o.ca 

Decane 

10 

447.1 

447.2 

-0.1 

Undeoane 

11 

468.9 

468.9 

0.0 

Dodecane 

12 

489.3 

480.3 

0.0 

Tridecane 

13 

607 

608.4 

-1.4 

Tetradecane 

14 

524 

626.6 

-2.6 

Pentadecane 

IS 

543.6 

643.6 

0.0 

Hexadeoane 

16 

660.6 

669.9 

+0.7 

Heptadecane 

17 

676 

676.4 

+0.6 

Octadecane 

18 

690.0 

690.2 

-0.2 

Nonadecane 

19 

603 1 

604.3 

-1.2 


The paper contains a similar study of the boiling points of thirty 
additional analogous series of aliphatic hydrocarbons, the mean devia* 
tion between calculated and observed values being only 0.7 per cent for 
the hundred and forty-three hydrocarbons which were considered. The 
values a and b were universal for all these series, while k varied from 
series to series. Generalizations are given on the effect on boiling point 
of the structures of the hydrocarbons of the different series. For in- 
stance, in the straight-chain molecules, a double bond in the tmminal 
position lowers the boiling points (relative to the normal alkanes) by 
5° to 6”, a double bond in the 2^pomt3on (ctV and frans-2-aikenes) lowers 
the boiling point less than 0.5”, while the presence of a triple bond in tite 
terminal position raises the boiling point about 2.5”. 

When the boiling points of polar compounds are calculated according 
to van Arkel's formula, there are appreciable differences between the 
observed and the calculated values. For example, the iutroduotion of 
bromine into benzene to form bromiobenaene gives an observed value 



(mOANlC CmM^lSY 


tm 

14** than l^t calculated. disoepaitcy k due to the polarity 
of tiie lotHnobeDaeiie. Yau Arkel has studied the nelatioQships between 
bcxSisg pcants and dipole moments in a large number of aromatic and 
aliphatic compounds and calculated dipole moments from boiling points. 
Hxamides of the agreement between observed and calculated moments 
are found in Table IX. 

TABLE IX 


OiFOUD Mohsmtb Calcculted nou BonjKG Points 


Compound 

Moment Observed 

Moment Calculated 

B.P., "C. 

o-Dichlorobeiicffiiie 

2.24 X 10-“ 

2.72 X 10-“ 

178 

m-I^ohlorobensene 

1.42 

1.67 

172 

p-Dichlorobenaene 

0 

0 

171-4 

o>NiUotoIu^e 

3.70 

3,74 

218 

m-Nitrotoluene 

4.20 

4.16 

230 

p-Nitrotolueoe 

4.40 

4.38 

238 


The correlation of the boiling points to the factors governing the 
intermolecular forces, like dipole moments, polarizability, and presence 
of hydrogen bonds, has been presented by Hlickel,” and the following 
rules will need little explanation, because their connection with the inter- 
molecular forces is evident. 

Of isomeric non^jyclic compounds, the one with the normal carbon 
chain always has the highest boiling point. With increasing branching 
of the chain, the boiling point falls. 

Of isomeric alcohols, halogenides, nitro compounds, etc., the primary 
compounds have the highest boiling point; the secondary have lower 
ones; and the tertiary, the lowest ones (screening of the polar group). 

Of isomeric bicyclic oompoimds, those in which the rings are con- 
nected by bridges (which give flexibility to the molecule) have lower 
boiling points than those with condensed ring systems. 

Of cu-trans komers, the ck compound has the higher boiling point 
and the higher dipole moment. 

The lugger and more compact the substituent (screening), the more 
the approach of a substitu^t to a carbonyl group depresses the boiling 
pc^. 

Of kmneiB with more than one double bond, those with conjugated 
double bcnuk have the higtor boiling points (higher polarizability of 
systems of ocHijugated double bonds than of isolated ones). 

A tome detailed analysk the part which the various intermolecular 

forces ]^y in the boilmg pc^ts of compounds containing one or two 

*»pS**T*» 'HwaaSiBelie QnilKilage& der cnzaaifdea CbAmie,” Aksdemiaobe Ver- 
tjSmwBBtntoft, teipals. IMS. Vbi. 2, p. 122. 



OONSTinmON and PEYSICAL PEOmCTIBB 1787 

earbcm atoois in combination with halogen «n/i hydrogen h*m 
given by Stevels." 

solubiuit 

Solubility, the temperature coefficient of solubility, and the tendency 
to crystallise in and from various solvents are very important properties 
for practical work in organic chemistry. Some generalizations which 
have been su^ested by Hildebrand ® and others concerning these prop- 
erties may be useful, although many exceptions can be found. Tte 
absence of more reliable relationships between solubility and constitu- 
tion is understandable, because the solubility depends on intermolecuhu* 
forros (solvent/solute, solute/solute, solvent/solvent), the connection of 
which with structural elements is highly complex. 

Substances dissolve in water if they can form hydrogen bonds with 
water (such as alcohols, acids, ketones, ethers, esters, amines, and ni- 
triles). 

Non-electrolytes do not dissolve in water if they cannot form hydro- 
gen bonds with water (such as hydrocarbons, halogen derivatives, and 
carbon disulfide). 

The solubility of hydrogen bond liquids in water and in non-hydrogen 
bond liquids depends on the number of — OH and — NHj groups and 
the size of the hydrocarbon part of the molecule. For instance, metha- 
nol is soluble in water but not completely miscible with heptane (at 
room temperature), while n-butyl alcohol is incompletely miscible with 
water but completely miscible with heptane. 

Relatively high solubilities of halogenated hydrocarbons and of 
acetylenic comp)ounds in various solvents indicate the existence of 
CH O and CH N hydrogen bonds.” 

Compounds with rigid molecules are less soluble than compounds 
with flexible molecules. 

Of two solids having approximately the same heats of fusion, the one 
having the higher melting point is less soluble in a given solvent at a 
given temperature than the one having the lower melting point. 

If two solids have equal melting points, the one with the greats 
heat of fusion will be less soluble in a given solvent. 

If two substances have essentially the same heat of solution, thdr 
solubilities in a given solvent will be in the order of their melting points. 

All normal liquids (non-hydrogen bond liquids) are miscible (unless 

** Stevels, Sec. trm. Aim., 58, 229, 244 (1939). 

" Hildebrand, "Solubility,” 2nd ed., Reinliold PuMishint CoTp,, New York (1935). 

” Zelihoefer, Copley, and Marvel. J. Am. CAem. &c., 60, 1337 (1938) ; Ocqptsy and 
Etdley, Odd., 61, 1509 (1939). 
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fWir kleroal j^n«ure« am gre«% diffmai), »iu9e 

miiring is very small and the eatropy iaoreases. 

A measaxe ei tiie intenaoleoukr forces meationed above is given by 
^e internal pressure, i.e., the term a/v*, in the vea der Waals equation, 
wthicli maliMB i^wanoe for the deficit in the extanal pressure. The 
intamal pressure saay be sj^roximated by an expresmcm mote o(»i» 
veaienfly measured, l/o, wher^ I is the moleinilar heat of vapoiiaatimi 
and V is the nufiecular volume^ Subatanoes vnthmjt hythogen bcmds 
and mth internal ineaauree nearly equal are more soluble in each other 
than those the internal pressures.^ which differ appiedably from each 
otl^. The differences in sotubiliiy 4 pf a solute in a series of solvents will, 
theref(»e, be determined by the differences between the internal pre8> 
aires of the solute and the various solvents. Mortimer ** has tabulated 
data on the solubility of p-dibromdi)enaene in a variety of solvents of 
diff^ent internal pressures, and it will be noted that the ideal solubility 
of 24.8, Le., the solubility of p-dibromobenzene in pure p-dibromoben- 
lene, is a^roached when the internal pressure of the solvent is nearly 
thi^ of p^bromobenzene. When the internal pressure of the solvent 
differs greatly from that of pdibromobenzene, the solubility of the 
latter is relatively low. 

TABLE X 


SoiixnnuTT ov p.DiBSoiH»aMZii)Na 

Solul^ty, Moles Sdate 

SolTSBt latanid PteMure per liter of Solvent 

O.W 8.6 X 10-* 

Dietlijd ether 0.62 18.8 

Osibon tetradiloride 0.81 10 3 


Beniene 

p-Difaiomobenxene 

Osibon disulfide 

mtrobenseiie 

Aniline 

Phentd 

Etlqd Alochol 


0.96 

21.7 

1.09 

(34 8) 

1.18 

22.4 

1.07 

17.4 

1.4 

10.7 

1.4 

4.67 

2.9 

l.flS 


BBdebrand ** has pointed out that Raoult’a law can sometimes be 
utffiaed in the detexmination of solubilitka. lAquid oubstanoea showing 
BO b ea lw ei aohition or no deviations from additivity volumes on solu- 
tion hi gfifMmy obi^ Raoult'a law; the evolution cl heat or a decrease 
of ydbme uixm #s8olviii« mm anbetance in another rumally intUca^ 
a negative deviation fimn the law, whereas changes in the oppotite 
dSreetkm indicate a poattire devuUaoa. 

WliuHtotv. Aid.. Is. 68S ftittSl. 

•• BOMniiia. Aid., a, «tt csitwi ) tr. 970 an©. 

i ‘ » 
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8DS7ACS TENSIOn 

te^n is the tendency of a liquid to dinriniHh iia surface, the 
tenn surface meaning the interface between the liquid and ite vap<w 
or a different gas. It is caused by intermolecular forces and has tiie 
dimension dyne/cm. The surface tension between two liquids, c^led 
the interfacial tension, is determined by the surface tensiou of and 
by the attractive forces exerted between the unlike 

Many methods have been devised to measure the surface 
for instance, by determining the weight of droplets, the rise of a liquid 
in a capillary, or the force necessary to detach a solid from the surface 
of a liquid. 

A general relationship between surface tension and temperature is 
given by EfitvSs,** and Ramsay and Shields: ” 

where y is the surface tension, M the molecular weight, D and d the 
densities of the liquid and gaseous forms of the substances, Tc the critical 
temperature, T the temperature of observation, and K a constant. K 
usually has a value of about 2.1 for non-assodated liquids when the 
temperature is expressed in degrees Centigrade. 

The equation becomes invalid for associated liquids, in which several 
molecules of the same species are coalesced to a degree of firmness which 
enables the group to act as a unit during measurements. Association 
frequently causes deviations from generalized rules applying to those 
properties; thus, it is often responsible for boiling points being higher 
than predicted and for similar increases in viscosity, density, and re- 
fractive index. The degree of association is largely determined by the 
intermolecular forces, of which, in this respect, the most important are 
the hydrogen bond formations. Therefore, in addition to determina- 
tions of molecular weights in solutions, the most sigmficant informaHon 
on association is obtained from studio of the hydrogen bonds by means 
of infrfr-red absorptions and Raman spectra.** 

One of the various other equations relating t^persture and surface 
tendon shows the five-sixths power of the surface tendon varying finearly 
with the temperature. In Kg. 4, where y^ is plotted against T for 
several substances, it is seen that numy liquids obey the exponendal 
*'EStv6a, Ann. Phytik, S7, 462 (1886). 

Ranunw nad fields, Z. phynfc. Chtm., U, 433 (1883) ; cm, ilm. Bora aad Oontaat, 
Z., 14, 731 (1813). 

Ofiodebiudi and Boawoll, 43, 318 (1888). 
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tft#, ndtorefts oerti^ otHxtpotmdsi oidi i» zaathj^ alodud and aceiic aeid, 
^niate frraa it. Here, again, the compounds which do not follow the 
kw am aasodated, and the Aviations are probably due to changes in 
degrees dT assodatUBi with tempoature.* 



TempetBture, *C. 


Fta. 4 . — Rdation between surface tension and temperature. 

TakflD inua Bocden, **The P«raohor and Vcieocy,*’ Roxitledge and Bona, Ltd * Tendon (1930) 
(Coorteor ^ ^ pwdbh«i».) 


The analysis of surface-tension data for the purpose of assigning 
additive and constitutive values for various atomic groups and linkages 
has not been very successful. This is due, as mentioned above, to the 
complexity of the effect of these factors on intermolecular forces. It is 
wen known that molecular orientation at the surface plays a large part 
in the determination of the surface tension of a liquid.^ 

With respect to interfacial tension, Bartell ® reports that when two 
liquids are mutually insoluble, e.g., in systems compriring an organic 
liquid and mercury, the individu^ interfaciaJ-tension values between 
one liquid and the members of an homologous series decrease progres- 
fflvely if the surface-tension values of the members of the series increase 
proj^remvely. "^th a strcmgly polar substance like water as one of the 
mteifadal liquids, the interfadal tension of aliphatic compounds de- 
creases m the order: saturated hydrocarbons, unsaturated hydrocarbons, 
alk^ esters, ethers, ketones, aldehydes, amines, alcohob, acids. 

* MukiiSiiea, J. «<Wm. phy*., **, 418 (1S32). 

•kilMxt. kw- 1, lis (igso). 

, * sad Am. Chtm. See., *•, 3410 <1033). 
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TABLE XI 

Intkbtacial Tbxsions (Dynes/cm.) 


Phase 1 


Phase2 


Air-Vapor 

Water 

Hg 

Water 

72.75 


376 

364.3 

Benzene 

28.86 

35.00 

Toluene 


36.1 

32.80 

363.6 

357 

Chloroform 

27.1 

Aniline 

42.56 

6.8 

341 

Diethyl ether 

17 

10.7 

379 

Nitrobenzene 

43.38 

25 66 

349 

n^Hexane 

18.43 

61.1 

^79.9 

ft-Heptane 

n-Octane 

21.77 

50.81 

1 

378.7 

376.0 


DENSITY AND RELATED PROPERTIES 

The density d of a substance is defined by d = m/v, where m is the 
mass and v the volume. Hence, the volume of unit mass is r = 1/d, 
and that of one mole, the molecular volume, Af» = M/d, where M is 
the gram-molecular weight. For ideal gases, d is proportional to M 
and the molecular volume is constant (22.4 1). The density and, hence, 
the molecular volume of liquids and solids is a constitutive property, 
which depends upon temperature and pressure, i.e., on the variation of 
the intermolecular distances with changes in these two variables. It is 
therefore important for comparison and evaluation of molecular volumes 
to determine d at corresponding states, or to reduce the effect of thermal 
agitation on the intermolecular distances by making measurements at 
low temperatures or at high pressures. 

Biltz ** and his co-workers have treated the relationships between 
the miUjmnktsvolume, obt^ed by extrapolation of the temperature- 
density curves to absolute zero, and the constitution of organic com- 
pounds in the liquid and solid states. The analysis of the data has led 
to constitutive and additive numerical constants which give reasonably 
satisfactory values when compared with those observed. Table XII 
lists a number of compounds for which the nuUpunktsvolumes have been 

" Biltz and co-workers, Z, pkynk. MSI. 13 (1030), and other papeni m thu 

series. 





^etoOB^tted eiqpenni«ita]|y aad cidcailated. laduded in tiie tal^ aie 
the tt^rreepandiBg paiadua* vahiee for Ister lefo^noe. 


TABLB XU 

PjuuiOBDB AND Nttl u ct n c bb v odpm Valuis ov Somx TmcAL 
Oboakic Cioiipotnnn 


Compound 

NuUpunktevohime 

P (uaing M. and P.’s Factors) 

Cate. 

Oba. 

A 

Calc. 

Obs. 

A 

Methyl alcohol 

ao.2 

30.5 

+0.3 

85.4 

88.3 

+2.9 

Eth^d aIo(dioJ 

45.2 

44.7 

-0.6 

125 4 

126.8 

+1.4 

IlftiliiLnA 

41.6 

40.0 

-1.6 

110.8 

110.5 

-0.3 

Fofime acid 

20.5 

20.1 

-0.4 




Acetic add. ...... 

44.5 

44.7 

+0.2 

130.6 

131.2 

+0.6 

AoeioiM 

65.9 

65.2 

-0.7 

169.0 

161.6 

+2.6 

Acetaldehyde 

40.0 

38.3 

-2.6 



Ethyl ethar 

76.2 

75.8 

+0.6 

211.3 

211.7 

+0 4 

Stearic acid 




770 6 

778.0 

+7.4 

Qyekhezanol 



« . < . > 

266.4 

254.9 

-0.6 

Benaene 

67.2 

60.3 

+2.1 

205.4 

206.3 

+0.6 

Naphthaime 

100.4 

102.5 

+2.1 

. . , » . 



AntiiniivmA 

133.6 

136 8 

+2.2 




Tcdueita 

82.2 

83.6 

+1.4 

245.4 

246.2 

+0.8 

Xykne 

07.2 

98.2 

+1.0 

286.4 

283. S 

-1.6 

Meai^laie 

112.2 

111. 2 

-1.0 

321.8 

320.8 

-1.0 

E^hs^enaeDe 

97.2 

97.7 

+0.5 




ftopyftieaaene 

112.2 

116.2 

+4.0 




BeamMdtyde 

81.5 

82.4 

+0.9 

253.8 

255.1 

+1 5 

Mathyl aalicylate. . 




321.8 

328 7 

+1.9 


It idll tie noticed that the calculated nullpunktavolumes for ali- 
fduide compounds are for the most part greater than the observed 
values; for aromatic compounds, the calculated values are uniformly 
lower tium the observed. Additional constitutive factors which take 
aoeount of ring iMmaticm, steric effects, etc., must be introduced in the 
calculation if better agreement between observed and computed values 
is to be reaSaed. 

*the influ^ioe of the erystal form of solid substances on tiieir nuU- 
punkblvohimeB is iHustrated in Fig. 5, which graphically presents the 
BtdlpuaktBVoIttmea of memben of two homologous series. The altemat- 
itf! ^ect of the and odd members of the series, which is character* 
kdiio of melting p^tii, is aho found in the volume values of solid com* 
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poonds. The moleeidar volumes asd panu^n of coneaixmdiiig UqoM 
suhetanoes do not show this alteroatiag effect. . 

The molecular volume of liquids has been studied by Kopp. After 
searching for the most suitable oonditioDs, he chose to determme the 
densities near the boiling points. According to Guldberg’s rule, tbe 



Numberof Carbon Atoms Numbar of Carbon Atofot 

Dicarboxyiic acids Fio. 5 n-Paraffin hydrocarbons 

(d« •• differonoe in nuUpuzLktartdume; dUfferenoe in melting point.) 

Taken from Bills, Fischer and 'WOnnenbeiVt pAynft. Ch»m^ Alii, 13 (1930). (Gourta^f of 
pat^iehen.) 

boiling points are numerically about two-thirds of the critical tempera- 
tures and therefore represent corresponding states. The following table 
gives the atomic constants as determined by Kopp. 


TABLE Xm* 


c 

11.0 

H 

6.6 

—0 — (linked to two C atoms) 

7.8 

bO (linked to one C atom) 

12.2 

— S— (linked to two C atoms) 

22.0 

a>S (linked to one C atom) 

28.0 

a. 

22.8 

Br 

27.8 

I 

37.6 


• Smi^, "The Rehtion between Oheuieel Cnoeatation end Fh,rieel Prepartiee,’* 

Onen A Ca, Xondon (1910). 

Constitutive factors were evaluated for uiusaturation, chain Imigi^ iao- 
merism, etc. 
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of <I at oone^xmding states elimmateB vafiatuna 
eawed by intamoboular fonm elimination of intermoleoalar 
f^mes is also aooompUsbed by meaouing the partial molal volumes of 
imbstanoes in dilute solutions of inmt solvents. From measurements 
ol partial molal volumes of various compounds in the same solvent and 
at the same dilution, Traube ** concluded that in dilute solutions molec- 
ular volumes or molecular solution volumes, as he termed them, could 
be calculated from atomic constants. Later work^ has applied this 
print^le of molecular volumes observed in dilute solutions to the cal- 
plation of additive constants with a con^derable degree of success. 

An excellent example of the utility of the systematic study of a 
physical property for purposes of predicting and checking numerical 
values of the property is afforded by a study of the molecular volumes 
of normal alkanes as reported by Calingaert and Hladky ’’ and others.^ 

Another method of taking account of intermolecular forces in cal- 
culating ad<£tive and constitutive factors of molecular volumes has been 
developed by Sugden.^ Macleod observed the empirical relationship 
7 = C(D — d)*, where y is the surface tension of a compound, D its 
dentity in the liquid form, d its density in the vapor form, and C a 
constant. Sugden multiplied this expression by M, the molecular weight, 
and obtained 


My^ 

D-d 




P 


where P is called the parachor. 

At the critical temperature, the surface tension of a compound is 
xero, since the intermolecular attractive forces are equal to the thermal 
kinetic forces. Since 7 « 0 for all compounds at their critical tem- 
pmitiues, molecular volumes measured at these temperatures are more 
strictly compar«d>le when additive and constitutive factors are bring 
investigated. Sugden has pointed out that the parachor for most sub- 
stances is equ^ to 0.77 times the molecular volume at the critical tem- 
perature, i.e., P/Ve = 0.77.* 

In Table XIV are found data given by Sugden. In this table, P is 
the eatparimentally observed parachor, Ye is the molecular volume at the 

** Trralw, Sarnml. dum. tkmAtek, Vertrite, i, 2S6 (1890). 

M Cohn, MeMcektOt IMwJl, o&d Blanduu^d, J. Am. Ckem. Soe., S 6 , 784 (1934). 

« OUiBCMTti Kudw, and Thomson, Jnd. Bnf. Chem„ S3, 103 (1041). 

^SnadwB, "Th* Paradwr and Valanesr," Boutiadsa and Sou, Ltd., London (1030). 

* It would aeem at fint aii^ that P abould eqtud aero at tiu eritioal temperature, 
aiiwe 7 0. Thie ia not neneawrily true, beoaute D—d alao equab aero, and the quotient 

of 7 b and P— d la Indetenniaate. Thera ia therefore no reaaon to expect a audden £a- 
eoadhwitjr in tbm valife oi Pm tba temperatura approaehM the oiitiaal temperatura. 
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critical temperature, and a is the molecular area as calculated from 
collision numbers. 

TABLE xrv 

PaBACBOBB, CbITICAL VoiiUlCXB, AND MbaN CoLIilBION Abbas 


Compound 

P 

Vc 

P/Vc 

o(X 10») 
cm* 

P^la 

Propyl acetate 

266.1 

345.3 

0.74 

17.11 

2.30 X 10“ 

Ethyl acetate 

217.1 

286.3 

0.76 

16.01 

2.41 

Methyl acetate 

177.0 

227.8 

0.78 

12.80 



Methane 

73.2 

90 

0.74 

7.72 

2.27 

Ethane 

110.6 

143 

0.77 




Ethylene 

99.5 

127 

0.78 

10.81 

2.16 

Methyl chloride 

110.4 

136 

0.81 

9.67 

2.38 

Ethyl chloride 

149.4 

194 

0 77 

11.94 

2.36 

Methyl formate 

138.6 

172.0 

0.81 

17.11 

2.30 

Ethyl propionate 

254.8 

344.3 

0.74 


* • • » 

Diethyl ether 

211.7 

281.9 

0.76 


• • ■ • 

Benzene 

206.3 

256.1 

0.81 

13.83 

2.52 

Chlorobenzene 

244.5 

307.8 

0.80 


.... 



Mean 

0.77 

Mean 

2.32 


The analysis of parachor values has proved highly successful. Much 
work has been done on the numerical values for the various structural 
units. Sippel has prepared a set of atomic constants for non-cyclic 
compounds and a series of increment values for cyclic compounds; 
reasonably satisfactory values are obtained by his method, although no 
reference is made to the linking of the various atoms. Mumford and 
Phillips “ have revised Sugden’s constants to correct errors in the para- 
chors of higher homologs and have conaderably improved the accuracy 
of the calculated values, as compared with those observed (Table XII). 
Vogel * has also recently revised some of Sugden’s original values. 

Parachor values for some structural units, as calculated by various 
investigators, are collected in Table XV. A computation of the parachor 
value for benzene illustrates the use of the data. 

Benzene has 6 carbon atoms, 6 hydrogen atoms, and 3 double bonds; 
it is a sbc-membered ring. If Mumford and Phillips’ values are used, as 
given in the table, the calculation is: 

P = (6 X 9.2) + (6 X 15.4) + (3 X 19) + 0.8 = 205.4 
The value computed from the experimental observations is 206.3. 

" Sippel, Ser., 6S, 218S (1030). 

Mumford and Fhillij>8, /. Cfiem. Soc^ 2112 (1020). 
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AaCOlDC AND BiBITOTUBAIi OONnAHTB KOt CALCULATION OT TBX PaBAOBOB 



a* 

M.P. 

V. 

CBm 

39.0 

40.0 

40. 

C 

4.8 

9.2 

11 . 

H 

17.1 

16. 4t 

14. 

0 

20.0 

20.0 


Oi (EMar) 

60.0 

• . • . 


N 

12.5 

17.6 


S 

48.2 

60.0 


vF 

25.7 

26.5 


a 

64.3 

56.0 


Br 

68.0 

69.0 


I 

91.0 

90.0 


Stn^etbond 

«... 

-9.5 


DouUe bond 

23.2 

19.0 


Triple bemd 

46.6 

38.0 


3-Mambered ring 

16.7 

12.6 


4. “ “ 

11.6 

6.0 


6 - " “ 

8.6 

3.0 


6 - " « 

6.1 

0 8 


7- ** 

.... 

-4 0 


* 0 . ■■ Bugdwn; MJP. 

Mumionl uxl Phittip.; V. 

• VoceL 
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Langmuir * and Harkins **' ” developed methods for spreading or- 
ganic compounds on sw/ooss where they form coherent monomolecular 
layers. iWn the known amounts of the substance, 0, the extent of the 
surface, F, and the molecular wdght, the space occupied by a single 
mcdetmle, /, can be calculated by means of the equation 

FM 

NO 

where N Avogadro’s number. Langmuir foimd, for a series of fatty 
arada and alcdiols spread on water, that the surface occupied was inde- 
pmid^t of the number of carbon atoms in the chain and equaled about 
23 X 10~** cm.^ per molecule, while the thickness of the layer was 
proportional to the chain length and increased 1.2 to 1.3 A per GHj 
group. It was concluded from these data that all molecules were 
arraz^ed on the surface the water so that the hydrocarbon chains 
were erect and had A lIlPiBg form. 

Addithinal methhi^ for the determination of the sises of molecules, 
which are, leas importance for organic chemistiy, are those 

UiWnn^. jr. Soc., St, 1848 (1017). 

^HmUsa, Broa^Aad 8t, 854 (1017). 

•> tt, mi (ivw. 
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based on tlw detennination of b in the van der Waals equation^ on meas* 
uiements of the internal friction of gases and liquidSf on measure- 
ments of the oollioion areas of gases. 


viscoarr 

The viscosity, ri, of a liquid is a measure of the leristance set up by 
intermolecular attractive forces to the passage of one mcdecule past 
another. Viscosity data are therefore subject to the same difficulties 
of analysis as those of other properties which depend upon the nvufaial 
attraction of molecules. Viscosity is strongly dependent up<m tem- 
perature, and measurements designed to separate the additive mid con- 
stitutive components of this property must be carried out under condi- 
tions which are equivalent for ail compounds. 

Some measure of success has been obtained in efforts to prepare 
series of numerical constants from which molecular viscosities can be 
calculated. Dunstan and Thole have developed the formula log 
» aM + b, where M is the molecular weight, a a general constant, and 
b a constant characteristic of an homologous series. By means of this 
formula, logarithmic increments for various atomic groups have been 
calculated. 

TABLE XVI 

Incbement Factobb fob Vraoosnr PsEDicnoN (Dumbtan and Thou) 

CHj 0.107 Alcoholic 0 2.12 

Aliphatic H 0.034 Double bond 1.847 

Aliphatic O 0.098 n-Carbon —1.761 

/ao-Carbon —0.030 

Fluidity, which is the reciprocal of the viscosity, has been shown “ 
to be a function of the vapor pressure. At high viqwr preesuies the 
relationship is nearly linear, and from data taken in the range where this 
linearity holds it has been possible to calculate increment factors for 
fluidity. 

TABLE XVn 

Increment Factors for PRmticnoN of FLumirr (BmaaAM) 


Carbon 

Flvidiiy 

-96 

Hydrogen 

Fluidity 

69 

Oxygen 

24 

/so-liskage 

-76 

Double bond 

114 

Sulfur 

76 

Chlorine 

100 




u Dunstan and Thole, J. Inat. PetroUum T»A., 4 , 101 (1018). 
*> Binsham and Spooner, J, iUsoI., 8. 821 (1883). 
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]^»sad ** lias du^red i^ulaiitba in tbs tempeaatiire-viscosity re- 
la^n^ps of msmbera of homologous ^riss. He finds indicatkms Ibat 
ibe odd and even mmbers of the series fail into separate groups. 

Staudinger, in his studies on the viscosities of solutions of high- 
moiecular-wdigbt compounds, “ has introduced the term specific viscosity, 
7t^ whiib is defined as the increase in viscosity which is produced in a 
solvent by dissolving a unit amount of a substance in a unit volume of 
the solvent. He has made use of the expression Vtp/C KL, where 
C is the concentration of a primary molal solution (1.4 per cent = 
CH 2 /IOOO), K a constant, and L the length of the carbon chain in 
Angstrom units of the material being investigated. For simple, normal 
orgemic compounds, such as paraffins and fatty acids, the specific vis- 
ooeity of a primary molal solution may be expressed as Vtp (1-d per 
cent) = ny -f- 1 , where n is the number of carbon atoms in the chain, 
y the viscosity of a single carbon atom, and x that of oxygen. For 
many compounds, y is i^proximately constant. The plot of rjtpiC 
against the number of carbon atoms for several homologous series shows 
that the slopes of the lines are approximately the same; the intercepts 
on the n*p/C axis therefore give the values of x for each series. Some 
of Staudinger’s results are shown in Fig. 6. 

Hu^ins,“ from general considerations, derived a formula which 
accounts quantitatively for' the viscosities of solutions of the paraffins. 
The equation is of the same form as Staudinger’s. Eandom distribu- 
tion about single bonds is. assumed, and the effects of restricted rotation, 
as well as of the sixe of the solvent molecule, find a rational interpreta- 
tion. 

Staudinger has extended his concept of additive group viscosity 
values to considerations of the viscosities of high-molecular-weight 
polymers such as cellulose and its derivatives. From bis data he has 
calculated the molecular weights of such compounds and has computed 
the numbers of structural units in the polymeric chains. Some of his 
results do not agree with values obtained by other methods of measure- 
ment. 

Floiy ” measured the viscosities of molten linear polyesters having 
svenfjb molecular wdghte in the range 200 to over 10,000. He found 
that the Ic^arithm oi the viscosity is precisely a linear function of the 
square root of the wdght average ch^ length throughout this range. 

** I>nMd. /. Iitdiaa, Chtm. Soe., 10, 143 (1033) . 

** Stoadinaer, "Dio boduncddoilareQ orsanutdieD Verbinduscen,” Springer, Berlin 

W Hnodna,/. P^ Oum., «1, 011 (1038) ; 43, 430 (1080) ; J. Applied Phpi. 

!«, 700 ( 1039 ). 

» SW. J. Soe.. SI. WTO (1940). 
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Hftmiw “ has treated the relation betwe^ the visootily of a liquid 
and the chemical constitution of its molecules. He flowed the influence 
of the inteimolecular forces and the temperature agitaticm on the mole- 
cules and explained the change of the viscosity frith vaiying temper- 
atures and pressures. 



Fig. 6. — Viscosity changes in homologous series. 

X « f»>fatty adda in pyridine; XX " n-fetty acidB; XXX » n>fatty add esters (ethyl); IV » 
T»*paraffiim; V ^ n-aloghola. 


Eyring,**" Ewell and Eyring,** and Kincaid, Eyring, and Steam ““ 
have treated viscosity from the standpoint of modem reaction kinetics; 
the molecules, sheanng past each other, undergo a series of reactions 
involving the intramolecular forces. The results arrived at show good 
agreement with the experiment and justify this fundamental treatment 
of the subject. 

" Haons, Z. phytik- Chem., B44, 14 (1939) 

** (a) Eyring, J. Chem. Phyi,, 4 , 283 (1936) ; (b) Ewell and Eyring, ibid., B, 720 (1937); 
(c) Einoaid, Eyring, and Steam, Cbstn, Bm., 18, 301 (1941). 
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BSFBACmK ZNJ>BZ 

!Z1» rtfraetwe index, n, of a subata&oe is the mtio of the Yeloeity of 
Bg^t in vacnum to the velodty of M^t in that substanoe. ^ce ^e 
latter quantity is diminished by the interaction of tbe Ug^t waves with 
the electrostatic and electromagnetic fields in the molecules, n depends 
upon the polarizability of the atoms, which in turn is modified by their 
arrangement in the molecules. This relationship is well understood and 
formulated in the dispersion formula.'* On account of thermal expan- 
sion ^ects, the refractive index varies with the temperature, while the 
specific refractivity, r, as proposed by Lorentz and Lorenz,* 

n*- 1 1 

* SB • — 

n* + 2 d 

The denfflty, d, is very nearly independent of pressure and temperature. 
The product of r with the molecular weight is called the molecular refrac- 
tion. According to Maxwell’s theory, the square of the refractive index, 
for infinitely long waves, is identical with the dielectric constant, «. 
In so far as the condition — t is fulfilled for the wavelength at which n 
is determined, the molecular refraction becomes identical with the total 
molecular polarization (p. 1753). 

«-H2 d 

Another useful function has been suggested by Dale and Gladstone: 

n — 1 

r s " ■ ' 

d 

Though this formula also ^ves constant and analyzable values, it is 
theoretically less rignificant than tbe above-mentioned Lorenz-Lorentz 
equation. 

The refractive index varies with the wavelength of light, and it is 
therefore necessary to designate the wavelength at which the measure- 
ment is made. This is customarily done by using a subscript; thus, 
fta indicates the refractive index as ol»erved with the hydrogen a line; 
Mo tile molecular refraction as measured with the sodium D line, and 
Mbiu.i the molecular refraction at X 546.1 m^ (the mercury green line). 
The jfifference between molecular refractions measured at two wave- 
laigtibs is called the molecular dispersion. 

** Paew "latniduction to Tiwoietioal Fhyiioe,'’ Van Noatruid, K«ir Totlc (1928), p 
489. 

«• m Umate. WM- Atm.. 9, «41 (1880) ; 0) Lams, Oid., U, 70 (1880). 
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Tlut mathesoatical analsrsis of data from measurements molecular 
refractions has led to the assignment of values for the atoms which con- 
stitute the compounds, termed alomie refradions. Where the atoms are 
bound by other than single linkages, e.g., C=C, additional values, incre- 
ments, are asagned for these linkage. In Table XVIII are ^ven some 

TABLE XVni 


Atomic Factobs k)h CALcm^Twa Molecciab Rehuctions 


Atom or Group 

Ha 

D 



H^-Ha 

— OHj — 

4.608 

4.618 

4.668 

4.710 

0.113 

c 

2.413 

2.418 

2 438 

2.466 

0.056 

H 

1.092 

1.100 

1.115 

1.122 

0.029 

O(carbonyl) 

2.189 

2.211 

2.247 

2.267 

0.078 

0 (ether) 

1.639 

1.643 

1.640 

1.662 

0.019 

0 (hydroxyl) 

1.522 

1.525 

1 631 

1.641 

0.015 

a 

6 933 

5.967 

6.043 

6.101 

0.168 

Br 

8.803 

8.865 

8 999 

9 152 

0 340 

I 

13.757 

13.900 

14.224 

14.521 

0.775 

N (pn.-smiiie) 

2.309 

2.322 

2.368 

2.397 

0.0S6 

N (*ec.-amine) 

2.475 

2.499 

2 661 

2.603 

0.119 

N (t«r<.-amine) 

2.807 

2 840 

2.940 

3.000 

0.186 

8 (mercaptan) 

7.63 

7.69 

7.83 

7.98 

0.35 

CN 

6 434 

6.459 




C==C (double bond) 

1.686 

1.733 

1.824 

1.893 

0.200 

C«C (triple bond) 

2.328 

2.398 

2.506 

2.538 

0.171 


of these factors determined by Auwers and Eisenlohr ® The headings 
in the columns indicate the wavelengths of light used in the measure- 
ments. The values for the molecular dispersions are given in the last 
column. The addition of these values leads in many cases to molecular 
refractions in agreement with the observed values. However, in other 
cases, differences are found between the calculated and the observed 
values. These differences have in turn been analyzed and allocated to 
certain constitutive factors. These so-called exaltations of the molecular 
refractions are indicated as EM, and the exaltations for ihe molecular 
or specific dispersions by E(,My — Afa) or EM^^. 

While the increment (0=C) (Table XVIII) adequately represents 
any number of isolated double bonds in the molecule, the presence M 
conjugation between two or more double bonds gives rise to em exsdta- 
tion. Examples of these effects were presented in Table XV, p. 1741, 
of the first e^tion of this work. The exaltation increases as the length 
of the conjugated chain becomes greater, provided that the chain is 

Auwen and Eiaenlokr, Ber., 41 , 806 (1910), kad sufaaequent krticlks i& tbia ioonial, 
Ann., And /. pnkl. Chan. 
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Fcr a given chain> the exalt^on dboeases progreadveljr 
as the caihcHi attHos axe progreeavely substituted with R groups. 
Bxaltation is greatest for a linear conjugated system and decreases as 
the system becomes more and more branched. 

In a study of the exaltation of methylbutadiene derivatives,** it was 
obsmred that the shifting of the methyl substituents to the center of the 
conjugated system resulted in a marked lowering of the exaltation. The 
exaltation is the result of an increased polarizability of the system. 
WhCTe this is odOtset by resonance, as in benzene, furan, thiophene, pyr- 
role, and cyclopentadiene, the exaltations become negli^ble. Althou^ 
these aromatic compounds show practically no exaltation, the polycyclic 
compounds derived by their combination have decided exaltations, as 
^own by Table XIX. This fact has been interpreted as an indication 
that only one ring in such compounds is truly aromatic, the other rings 
producing the exaltation characteristic of normal unsaturated conjuga- 
tion. 

TABLE XIX 

Relation Between Crcirc Stbuctube and Reebaction 



Benzene 
SMy-u +6 per o«it 

o 

Btitzene 

BMy-a — -t-6 per cent 



Benzene 

EMy~a ^ +6 P» cent 



Cyclopentadiene 
— 0.0 per cent 

^ o 

Cyclohexene 
0.0 per cent 


Cu 

Indene 
-4-35 per cent 



Tetrahydronsphtbalene 
-f-16 per cent 





Naphthalene 
I per cent 



Phenanthrene 
-H90 per cent 



Anthracene 
-4-170 per cent 


DIPOLE MOMENT 

The dedrie moment or dipole moment ** between the centers of gravity 

the positive and native chaiges is the product of charge, e, and 
distanoe, 1. ^ee it k aero for all molecules in which the centers of 
p»vity coincide, the {ncsenoe or absence of a moment can give definite 
ehies to constitution of compounds. Thus, the finite moment of 
tiie d^ymmetrHAl eti^ta, like dimetiiyl ether, proves the angular nature 

WEaniwr and Wamn, «r. Chon, Aoc., 3221 (1981). 

•« D*l 9 «, “Ftdar MolwnilM,” Cbamlcal Caialos Co., N«w York (1920). 
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of tiie oxjrgen valences; that of the trialkylamines, Uke tri^ef^ylamine, 
argues against their planar structure. The absence of a for 

methane confirms the tetrahedral structure of this compound; the mo- 
ment zero of the dichloroethylene of b.p. 48“ shows that thin isoma is 
the trana compound, etc. 

The determination of the dipole moment is based upon the measure- 
ment of the dielectric constant, €. The dielectric constant of a sub- 
stance without a dipole moment is determined only by the internal 
polarization, i.e., a shift of the electrons, electron polarization, and of 
the atoms, atom polarization. The atom polarization, which usually 
can be neglected,** will not be conadered in the following. A molecule 
with a dipole moment, on the other hand, tends to become oriented in 
the direction of an electric field, and the degree of orientation is de- 
pendent upon the size of the dipole. This orientation polarization is 
temf)erature-def»endent, because thermal agitation disturbs the arrange- 
ment of the molecules, while electron and atom polarization are tempera- 
ture-independent. Hence, the orientation polarization can be separated 
as the temperature-dependent term of the dielectric polarization P: 


P = 


« - 1 
« + 2 



The orientation polarization is connected with the turning of molecules 
of considerable inertia and has an appreciable time of relaxation, at 
variance with the negligible time of relaxation of the electron polariza- 
tion, Hence, only the latter responds to alternating fields of high 
frequency, i.e., light waves, while waves of radio frequency excite both 
electron and orientation polarization. The orientation polarization can 
therefore also be determined as the difference between the molecular 
polarization obtained from dielectric constants measured with long 
waves and the molecular refractions calculated with the Lorenz-Lorentz 
equation. 

From the orientation polarization of one mole of substance, the 
orientation polarization of the individual molecule and the dipole mo- 
ment are calculated. The moments of the common organic molecules 
have values between 0 and 10 X 10“*® e.8.u. This is in agreement with 
expectation, since the charges involved are of the order of noagnitude of 
10“*“ e.s.u., and the distances in molecules of the order of 10“® cm. 
The debye (D) is defined as the unit of dipole moment, and is equiv- 
alent to 10“*® e.s.u. 

Dipole moments are vector quantities. The direction of a moment 
in space is detemoined by the line which connects the centers of gravity 

** However, mo LeF^vre and Vi&e, /. Chem. 3oe., 187S (1998). 
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ipm 

of positive and native aznl Hie total dipole moment of a 

molecule may be made up of partial moments. For example, GH4 has 
dm moment zero, because die centers of gravity of the nucl^ and pf the 
diectrcms cdncide, or, from another viewpmnl^ because the four (x>m- 
ponent C — momenta are equal and opposite in direction. CHaCl 
has a finite electric moment (1-86), which is the resultant of the C^H 
and C — Cl moments, and the introduction of additional chlorine atoms 
causes a decease in the moment (CH3CI2, 1.59; GHCU'^l-O) until zero 
is imujied with the symmetricri CCI4. 

In a series of homologous compounds which have a single polar group, 
e.g., the YMtlcohols and n-acids, die moments of the members of the 
series are approxiniately constant. Thus, the moments found for the 
first ten normal alcohols all lie between 1.6 and 1.7, with the average 
moment 1.67. In the fatty acid series, the first member, formic add, 
has a greater moment than the higher members, but the latter have 
approximately constant values. The moments of acetic, propionic, an<? 
stearic adds have been found to be identical within the experimental 
error of measurement.** in Table XX are given the moments of some 
typical organic series which contain single polar groups; also included 
are moment values for a few benzene derivatives. The phenols and 
aromatic ethers show the same moments as the corresponding aliphatic 
compounds. 

TABLE XX 

MoicEirrs or Oboanic Couromms 


Ck>mpo\md 

Moment 

Compound 

Moment 

n-Hydrocarbons 

0.0 X 10““ 

Mercsptans 

1.3 X 10““ 

n-AioohoIs 

1.67 

Sulfides 

1.6 

Etben 

1.2 

Cyanides 

3.4 

Alkyl chlorides 

2.0 

NitroparafiSns 

3.1 

Estefs 

1.8 

Nitrites 

2.2 

Frioury amines 

1.3 

Nitrates 

2.9 

Seoondiffy amines 

1.0 

Benzene 

0.0 

Tertiary aminea 

0.76 

Phenol 

1.70 

Ketones 

2.7 

Anisole 

1.20 

Formic add 

1.2 

Bromobenzene 

1.60 

n-Adds 

0.8 




Group and bond moments have been assigned to various structural 
units. The values in Table XXI are those gven by Button ; ** they vary 
with the nature of the al^l radicals to which the atoms or groups are 
attached. 

** VBsob sbc) Wmiktt Ci»m. Pkn$^ S, MS (ISM). 

*• ftttton, proc. Bm-m- ^ 
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TABLE XXI 


COUFONIIMT F 4 OTOBB POB CAXXnJLA.TIOt! OF MOUBNIS ^UTTON) 


Group 

maroiDMto 

msUldiatlo 

niedu^anls 

m. 

— CBi 

+0,45 

0.0 


+0.46 

"O 

-1.06 

-1.29 



+0.23 

— NH, 

+1.6S 

+1.23 


+0.32 

—a 

-1.66 

-2.16 

-1.66 

+0.59 

— Br 

-1.62 

-2.21 

-1.48 

+0.69 

— CH,a 

-1.82 

-2.03 

-2.00 

+0.21 

—I 

-1.27 

-2.13 


+0.88 

—OH 

-1.7 

-1.83 


+0.15 

— OCH, 

-1.2 

-1 16 


0 

— CHO 

-2.76 

-2 46 


-0.29 

— COCHs 

-2.97 

-2.79 


-0.18 

— COjCH, 

-1.93 

-1.71 


-0.22 

^=0=0 

-3 04 

-2.76 


-0.28 

— C^N 

-3.89 

-3.46 


-0.43 

—NO* 

-3.93 

-3.05 


-0.88 


Ketelaar ” has g?ven a quantum-mechanical evaluation of this effect. 
Further variations, depending on the radical to which the polar group 
is attached, are shown in Table XXII. The moments increase, in gen- 
eral, as the carbon atom attached to the polar group becomes progres- 
sively substituted, while substitution in the chain on a carbon not 
directly attached to the polar group has little effect on the moment. 

TABLE XXII 

Moments or Aliphatic Brohihes and Alcohols 


Compound 

Moment 

Ck>mpoimd 

Moment 

n-Butyl bromide 

1.88 X 10-‘® 

n-Amyl aJeobol 

1.63 X 10“' 

sec.-Butyl bromide 

2.12 

»ec.-Amyl alcoboI-(2) 

1.66 

(erl.-Butyl bromide 

2.21 

sec.-Amyl alcobol-(3} 

1.64 

Isobutyl bromide 

1.97 

tert.-Amyl alcohol 

1.83 


Isoamyl alcohol 

1.81 


Sutton divides the dipole moment of a polar compound into three 
components; a primary moment which is characteristic for the substit- 
uent; the moment induced electrostatically on the rest of the molecule; 
and the moment due to the electromeric shift of electrons. The electro- 
meric effect, m, in Table XXI, indicates the orienting nature of the 
group; i.e., a positive m, — electromeric shift of electrons into the raihcal 
— ^means an ortho-para directing group, while a negative m« dgniffes a 


** Ketelaar, Bee. trav, chim., 88, 311 (19391. 
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nntta <&eetmg group. The magnitude of fn. is a relative measure of t&e 
mdeating strengtli of the group. 

A spedal instance of the inductive effect is the mutual mteraction of 
stnmgiy pohff atoms and groups which is illustrated below by o-dichloro- 
benzene. 

The addition of the vector dipoles mi and ms of groups in the ortho, 
or poro positions in benzene is graphically represented in Fig. 7. 
The moments moi /<m> and np are the resultant molecular moments when 




vrdut pan 

Fio. 7. — Repieaentetion of dipole forces in disubstituted benzene derivatives. 


the groups of moment mi and mz are in the ortho, meta, and para posi- 
tions, respectively. 

Group moments are vectorially added by use of the equation 
M \/ Ml* "h M** "h 2 mi W COB 6 


wh^ Ml aiid M 2 are the moments of the groups and 0 is the angle of 
separation of the dipoles having these moments. Similar circumst^^ 
prevail in the aliphatic series, where in general the tetrahedral angle for 
carbon is confirmed by the measurements and the rotation of angular 
aom about single bonds must be taken into account." In l^^e 
derivatives, 6 becomes 60® for the ortho, 120® for the meta, and 180 for 
the pom oonfiguratimu K mi and mz are identical, the r^tant m^ 
ments of ortho, mOa, and pwo configurations become mV 3, M, aa , 

otairved moment of the ortho compound « 
than that calculated, hugely because of a mutual polanzation of 




».,attS.7»(lM8). 
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TABLE XXm 


a 

6 


n Obserred 1 . 55 

It Calculated — 


a a 



0.00 1.48 

0.00 1.55 


a 

6 " 


2.25 

2.67 

2.33 (with 
Smallwood and 
Herafeld 
correction) 


component moments; this becomes evident in the better agreement with 
experiment of the calculated value, which, according to Smallwood and 
Hersfeld,** takes this induction into consideration. A spreading of the 
angle between C — Cl bonds because of steric repulsion of the chlorines 
might be responsible for the residual difference. With methylene chlo- 
ride, which also has a dipole moment smaller than that calculated by 
the addition of the two C — Cl vectors, the spreading of the Cl — C — Cl 
angle makes a larger contribution to the difference between the observed 
values and those calculated with the component factors for aliphatic 
chlorine and the tetrahedral angle. The spreading is confirmed in this 
case by measurements of electron diffraction. 

If the substituents are not arially symmetrical, the order of the 
moments may be reversed: 


TABLE XXIV 



This is due to the fact that in the para compound the angul^ — OCHs 
croups do not interfere with each othen-free rotation, random 
Ltion-whereas in the ortho compound they interact m a way which 

^neral observations have been made. Woff and 
have shovm that the same type of alternation ^ts m the momenta oi 
adjacent members of homologous series as is shown m meltmg pomto, 

» Smallwood and Heraldd, J. Am. 

« W^atargar and Stogswald. 

» WoU and Groaa. Z. jAytik. Chem., B14, 305 (1981). 
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Sjpedfic heat, etc. Smyth and Walls have inteipreted some their 
^ta to mean that Icmg-cfasin molecules are fmrly ri^d in structure. 
Hmse investigators have demonstrated that normal and iso fdiphatic 
etmipounds oontaining a polar group show the same momeate if the 
branching occurs at least two atoms from the polar group. It has been 
found ™ that, if a carbon chain contmns unsaturated conjugated link- 
ages, the dipole effect of a polar group attached to the chain is trans- 
mitted along the chain. The coimection between dipole mom^t and 
intermolecular forces and the properties determined by them has been 
studied by van Arkel.' 

Hie use of dipole-moment data in attacking problems of structural 
organic chemistry has been fruitful in a number of cases. From the 
molecular moments and the knowledge of individual group moments, 
taking into account the interaction between the substituent and the 
other groups, it has been possible to calculate with great accuracy the 
valence angles of some atoms like oxygen and sulfiu-.''* As mentioned 
before^ it is due to these angles that certain para-diaubstituted benzene 
cterivatives, such as the diethyl ether of hydroquinone and the dimethyl 
ester of terephthalic acid, have finite dipole moments. The structures 
of a numbw of cis-trans isomers have been definitely established because 
of the fact that ds forms have appreciable moments, while the corre- 
sponding b-ans forms show much smaller or zero moments. The fact 
that tetranitromethane has zero moment proves that all four nitro 
groups are identical and are located' at the comers of a tetrahedron. 
Dipole-moment measurements of a number of tetrarsubstituted meth- 
anes show that in none is it necessary to assume a pyramidal stmctiuo 
for such molecules, as has sometimes been postulated. An investigation 
of the mono- and dichloronaphthalenes proved that the naphthalene 
system is planar, that the C — Cl bonds are directed from the center of the 
ring, and that momenta can be calculated in good agreement with the 
observed ones if the polarization of Ihe system, a small electromeric 
effect, and the Smallwood-Herzfeld effect are considered.^ 

The problem of restriction of rotation about the C — C angle bond 
has been treated, If free rotation exists, the moments of d-, U, and meso- 
forms should be identical; if free rotation does not exist, the moment of 
tite d- and I-fonn might be different from that of the meso-iorm. The 
dipole moment iff diethyl d-tarti-ate is 3.12 X e.s.u., while the 

n Snytii mad Wfflii, J. Am. Chem, Soe.. U, tal (1931) ; Si, 2261 (1932). 

Wmmmmd Wioren, J, Chem. Soe., 1302 (1933). 

** (a) tSbwtone, AdvamoM in Pbjnieal Chemistry,” 2Bd ed., Bieldeton’e Soa 

and Co., Fhihdelplda (1983), p. 136; (b) Coop and Sutton. J. Chem. Soe., 1869 (1938). 

” Dehye. Mobctdee," Ch^oal Catalog Co., New York (1929). 

** HaaepM^ and We^fawxw, /. Chem, Soc., 398 (1936). 
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moment of diethyl weso-tartrate is higher, 3.66 X 10~^® e.s.u.” It ^ 
pears strange that the electric moment of the mesoform, whhh, by 
lack of optical activity, is revealed to be the more symmetrical form, is 
higher than that of the active form. However, in the tartoites, is 
caused by the presence of angular groups, for reasons aimilar to those 
given in connection with the moments of the dimethoxybenzenes. 

If ordy axially symmetrical groups are present, as in the stilbene 
dichlorides, the more symmetrical mesa-form has the lower (1.3) and 
the dt-form the higher (2.71) moment.’* 

The moments of the paro-substituted diphenyls confirm the stretched 
formula of this compoimd, because they are identical with the moments 
of the corresponding benzene derivatives. The size of the moment of 
OjO'-dichlorodiphenyl indicates that in this compound the random distri- 
bution (free rotation) about the diphenyl link is interfered with, not 
only by the inner molecular electrostatic forces and by the steric inter- 
ference of the chlorines, but also to a considerable extent by the mutual 
attraction of the chlorine atoms through London forces.™ 

The controversy as to the structures of the isomeric oximes between 
the original Hantzsch-Wemer theory and that of Meiaenheimer was 
finally settled in favor of the latter, by the measurement of the moments 
of the oxime ethers.™ 

More recently, the investigation of resonance by dipole measure- 
ments has been successfully pursued.’* p-Nitroaniline has an abnor- 
mally high dipole moment, 6.2 D, exceeding by about 0.7 D the sum of 
those of aniline, 1.52, and nitrobenzene, 3.95. This has been interpreted 
as being due to resonance between the forms, 



second formula lie in the plane of the ring. If it were possible to deflect 
one or both of these groups out of that plane, the resonance, and there- 
fore the dipole moment, should be diminished. There is evidence that 
in durene (symmetrical tetramethylbenzene) the methyl groups should 
have this dfect on an NH 2 or NO 2 group placed between them, (or in 
durene itself it has been shown, by x-ray analysis of the (xystal, that the 

” Wolf, Tram. Faraday Soc., tS, 316 (1030). 

” Weiaaberger and SUngenrald, Z. phytik. Cham., BO, 138 (1030); WouabciKer, J^Org, 
CW>., a, 246 (1037). 

” Sidswiok, Chem. Rn., 19, 183 (1036). 
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of tile iBotiiyl groups is sufficient to 4^ect than some 3” 
thau nonaid poataons. It mi^t be expected, therefore, that the 
snime&t of p^aanlnonitrodurene is less than that of p^nitroaniline, that 
this decrease becaoies still grmter by alkylation of the amino group in 
the dumie dmvative, and that a similar difference of moment exists 
between p-nibrophenol and p-nitrodurenol, and with the amino and the 
mtro compounds generally.’* This question has been investigated by 
Hampscm, Birtles, and Ingham,* who found that all these predictions 
of the resonance theory are confirmed by the observed dipole moments. 

* Compounds or substances may or may not have permanent magnetic 
moments, just as compounds may or may not have permanent electric 
moments. The magnetic moment is calculated from measurements of 
the molecular magnetic susceptibility as dipole moments are calculated 
from molecular orientation polarization. Substances without a perma- 
nent magnetic moment are pushed out of a magnetic field, diamagnetism; 
substances with a permanent magnetic moment are drawn into the 
magnetic field, paramagnetism. The intensity of the force with which 
this takes place, usually measured by means of a balance, is called the 
intensity of magnetization, I, and the molecular magnetic susceptibility 
k ddSined by 

- IM. 

XmoU - ^ 

where H is the ertrongth of the magnetic field and d and M are the 
density and the molecular weight of the compound measured. 

The magnetic susceptibility is poritive for paramagnetic substances 
and negative for diamagnetic substances. The absence of permanent 
magnetic moments in most organic compounds is due to the fact that all 
their electrons are paired in systems with antiparallel spins, while a 
permanent magnetic moment, paramagnetism, is due to odd electrons 
and is tiierefore characteristic of free radicals. Paramagnetism is tem- 
perature-dependent, because the orientation of the molecules with per- 
manent magnetic moments in a magnetic field and their attraction into 
the field are disturbed by the temperature agitation of the molecules. 
Hie interpretaticMi of the observed values is greatly assisted by the fact 
tiiat each odd deetron in a molecule contributes a certain amount to 
the total moment, whidi was calculated by Bohr. Diamagnetism, i.e., 
negative magnetic susceptibility, is due to the induction of inner- 
molecular moments by the outer field. These induced moments are not 
affected by the temperature agitation of the molecule, and diamagne- 
ti«n is thetefoie temperataie-independent. 

** BirtlM and Bbunpaon, y. Chem. Soe., 10 (1037) ; Ingham and Hampaon, Chmit 
8ee^ SSl 0989). 
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The molecular diamagnetic susceptibility, which has been extensively 
invesbgated by Pascal,® shows phenomena very aitnilftr to the moleculM" 
refraction. It is an additive property with constitutive increments. 
Whereas the magnetic susceptibilities of the atoms are negative, the 
increment for the C=MZ! double bond is positive. The su^^estion that 
this is indicative of a radical nature of double bonds has been disproved, 
because the paramagnetic increment of di- and pwlyenes is temperature- 
independent.® The paramagnetism of free radicals was discovered by 
Taylor and Lewis.** Its quantitative evaluation gives a criterion for 
the amount of free radical present.** The method has been used in a 
series of interesting investigations by Marvel and his collaborators,*® 
by Miiller," and by other authors. 

Of the many problems treated, it may only be mentioned that com- 
C,H5\ /==\ /CeHs 

pounds of the type A^==\ are diamagnetic and, 

CioH/ \=/ N^ioH, 

therefore, quinonoid, as represented by the formula. However, the 



(C,H0j (C.H,), 


form, is paramagnetic and, hence, a true biradical. The radical nature 
of semiquinones has been proved by determinations of the paramagne- 
tism of these compounds.*^ With the metal ketyls, an investigation 
of their magnetic susceptibility showed that some of them exist as free 


radicals, 



others as the dimeric pinacolates, 



others ft gMn as mixtures of the two.® 


See review by Auwers, Jahrb. Badioakt. EUdtrmxk, 17, 184 (1921). 

** Mailer and Dammerau, Ber., 70, 2661 (1937). 

M Taylor and Lewie, Proc. Nail. Aead. Sa. U. S., 11, 459 (1926) . 

M Mailer and co-workers, Ann., 6X0, 236 (1936) ; 6X1, 89 (1936) ; Hoy and Marvel, 
J. Am. Chem. Soe., 69, 2622 (1937). 

»• (a) Marvel, Ginsberg, and Mueller, J. Am. Chem. Soc., 61, 77 (1939) ; (6) Marvel, 
Mueller, dnd Ginsberg, ibid., 61, 2008 (1939) ; (c) Marvel, Riegm-, and Muellm-, ibid., 61 , 
2709 (1939) ; (d) Marvel, Mueller, Himel, and Kaplan, ibtd., 61, 2771 (1939). 

•• Mailer, Z. Eleklrodiem., 48 , 693 (1939). 

Micba^, Boeker, and Reker, J. Am. Chmn. Soc., 60, 202 (1038). 
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nK>M X-«AT DlKTRACnoir MSASmtSUBBtS 

Tlie 9^7 of the amtngeaient o( atoma in crystals of inorganic com- 
pounds has been suecessfuify attacked by the use of x-rasrs. By studying 
the di&acticm of x-ray|K#Qm crystalline surfaces, it has been possible 
to calculate the distances between the planes of atoms in the crystals, 
just as it is posnblei'to calculate the distance between rulings of a grating 
from hidit-difihaction measuiments. The success of the x-ray diffrao- 
&n method for determining the structure of a crystal depend on the 
degree of symmetry of its internal structure; in general, the more sym- 
metrically arranged structural units are the more easily analyzed. 

The apfdicability of the x-ray diffraction method for determining the 
molecular configurations of organic compounds has been somewhat 
fimited because most organic substances are quite complex from a struc- 
tural vier^int and consequently do not exhibit high degrees of sym- 
metry. .Nevertheless, a great deal of valuable information has been 
dtitained about the structures of very fundamental types of compounds. 
It must be pointed out that the investigator of the molecular structures 
of organic compounds has had considerable help in his work from the 
classical pictures of such compounds as postulated for many years by 
organic chemists; he has had certain dues as to the direction be should 
take in the analyss of his data. 

The results which have been obtained from the study of the struc- 
tures of organic compounds by x-ray analysis have been summarized 
in a number of publications." 

The structures of a number of halogenated aliphatic hydrocarbons 
have been determined with some degree of certainty. Iodoform, 
1,2,3,4,5,6-hexabromo- and 1,2,3,4,5,6-hexachlorocydohexane, hexabro- 
moethane, da- and frana-dichloroetbylene, and 1,1- and 1,2-dichloro- 
ethane have thus been investigated. It was found that in all of them 
the structures which fit the data best show carbon to have valence angles 
eonesponding to tetrahedral angles. The cyclohexane derivatives have 
ftoietuzes ^duch place the carbon atoms on a puckered rit^. The dis- 
tance between dtlotine atoms in cM-dicbloioe^ykne is 3.6 A as com- 
pared to 4.1 A for trana-dichloroethylene. 

In the diamond crystal each carbon atom is surrounded by four 
others at a distance ot 1.64 A, placed at the corners of a tetrahedron. 
In gnqdute the carbon atoms in pne plane form a series of interlooldng 
the distance from carbon to earbcm being 1.42 A. 

Chmn, Be*., 7, 431 (1930); BncS wid Bracg, “Hm Ciyrtalline State,” 
Tot 1, Bed <19^ ; Beraal aod Crowfoot, Ann. B»j*. Chem. See. (toiuien), p. 379 (1938) 
CSkem. Bm.. U, 417 (1985). 
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It is iuteiBsting tli&t the structure of heiiaiQethyleueteti'Aiiuiw has 
been accurately detennined and is idwiic^ with one accepted by organic 
chemists. 

A number of aliphatic compounds has been investigated, a few in 
detail. Of the tirhydrocarbons, nonacosane, C2gHeo, has been carefully 
analyzed. It was found that the carbon ch«.in jg continuous and does 
not fold bsick on itself. The carbon atoms lie in a plane and have the 
ngzag structure demanded by the tetrahedral carbon atom. In the 
zigzag structure the distance between alternate carbon atoms was found 
to be 2.64 A, and the C — C distance is very near 1.54 A, which was 
found for diamond. Other hydrocarbons show an increase of 2.54 A for 
every two CHa groups added to the molecule. 

The gross structures of the 7i-aliphatic acids," the n-aliphatic alco- 
hols," and the n-alipbatic dicarboxylic adds have been investigated. 
In all these series, the carbon atonos lie in a plane and have a zigzag 
arrangement. In both the acid and alcohol series, it was found that 
the addition of each successive CH2 group caused an increase in the 
unit structure twice as great as that observed for the jv-hydrocarbons. 
This is shown in Fig. 8, which is taken from tabulated data.” The 



Fia. 8. — Regular incroaeQ in chain length of aliphatic homologB. 

From Evald sod Humum, loc. eit. (Courteay of publiihen.) 

facts just dted argue that there are two molecules per unit structure for 
the alcohols and adds. In the fatty add series, the unit spacings for the 
even carbon compounds are nearly equal to the spadi^ of the next 
bighwr c>dd carbon compounds. The addition of two CH3 groups to an 

** Franoig, Piper, and Minkin, Proc. Soy. Soe. (jMndon), AISS, 214 (1930). 

•• Wilson and Ott, J. Chem. Phys., 1, 231 (1934). 

n Evald and Hamann, ‘'Strakturberksht, 1913-38,” Akad. Vadag., Ldpiig (1881), 
p.e84. 
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even memhex (Ite diearboxylic acid series causes aa morease in unit 
equal to that for tire hydrocarbons; tiie addition of CHj groups 
to an odd memb^ produces a change twice as great as that for tire 
hydrocarbons. 

MhUer ** has discussed the effect of tire sigsag structure of the hydro* 
carbon chain upon the properties of the even and odd members of tire 
diearboxylic acid series. He has concluded that the alternating prop- 
erties of this series can be explained by their stmetmes; owing to the 
arrangement of the zigaag olmin for tire hydrocarbons, n-alcohols, or 
n-acids, the ssrmmetry properties of the odd and even members of the 
series are different. 

The structures of a number of aromatic compounds have been de- 
termined by an elegant method using a two- or three-dimensional 
Fourier series. This method of attack often leads to precise allocations 
of the atoms in crystals and to the electron density distributions within 
the molecules. Some of the results of this method have been summarized 
by Robeitson,** who has contributed largely to this work. 

The analysiB of x-ray diffraction data for anthracene, naphthalene, 
and «ym.-tetrainethylbenzene has led to unambiguous structures for 
these compounds. Naphthalene and anthracene are composed of plane, 
regular hexagons in which the carbon-carbon distance is 1.41 A. This 
figure is that observed for the C — C distance in graphite. In sym.- 
tetrametbylbenzene the carbons in the ring form a regular, plane hexa- 
gon with a C — C (fistance of 1.41 A; the methyl carbon atom is 1.47 A 
removed from its adjacent ring carbon atom. The methyl grou{)s lie in 
the plane of the ring and are slightly displaced from the positions de- 
manded by the hexagonal ring, the displacement being 3° greater than 
that for a symmetrical structure. 

The structure of benzoquinone is that proposed Originally by organic 
chemists, except that the ring is slightly skew. An interesting point in 
connection with the benzoquinone structure is that the carbons joined 
by a double bond are 1.32 A apart, while the singly bonded carbons 
are removed 1.50 A from each other. The carbon-oxygen distance is 
1.14 A. 

The results at the analysis the structure of bibenzyl show that the 
two benzene rings are of the regular plane hexagon type ; they do not lie 
in one plane but parallel to each other and are on opposite sides of 
the two CH 2 groups. The carbon atoms in the CHg groups exhibit 
tetrahedral bond angles. The CHg groups are situated at 1.47 A from 
the benzene tings and are removed from each otii» by 1.58 A. 

**^MaB 0 r. Proe. Beth Bee. Omden), am, at7 (1020). 

**lMbeebK>n, Selene* JPtepw, BL 240 (1937). 
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ITie structure of stilbene is different from that of bibensyl, althmigh 
the over-all dimensions of the two molecules are rather similar. The 
stilbene molecule is flat, with all the atoms lying in the same plane. 
Since the benzene rings are joined to the ethylene group by a single bond, 
they might be expected to rotate freely and to take a configuration like 
that of bibenzyl. Their failure to do so is interpreted as being due to 
resonance, the conjugation between the rings and the central C==C 
linkage freezing the structure into a planar configuration. Further 
evidence for resonance is found in the fact that the distance from the 
CH group to the phenyl group is 1.45 A instead of 1.54 A, indicating 
that there is considerable double-bond character to this linkage. 

Robertson and Woodward®^ have determined the structure of di- 
phenylacetylene, which has a triple bond. The molecule is both planar 
and linear, with the CsC distance equal to 1.19 A and the C — C 
“single” bonds between the central carbons and the rings being 1.40 A. 
The value for the C^C distance agrees very well with that in acetylene, 
1.20 A, determined from the analysis of band spectra. 

The structure of oxalic acid has been accurately determined; the 
molecule is planar. The explanation for this is similar to that pven 
for stilbene in that rotation about the C — C bond is restricted because 
of conjugation between the carboxyl groups. The existence of resonance 
is confumed by the length of the C — C bond, which is only 1.43 A. 

The benzene ring in resorcinol is planar, and the OH groups are dis- 
tant 1.36 A from the carbon atoms. The arrangement of the resorcinol 
molecules in the crystal is interesting. The oxygen atoms are directed 
toward each other in groups of four and are separated by 2.7 A; this 
arrangement is stabilized by the formation of hydrogen bonds.- A similar 
arrangement of molecules in which the oxygen atoms are grouped 2.69 A 
distant from each other has been found in pentaerythritol. 

One of the best examples of the utility of the x-ray method of deter- 
mining structure is found in the analyses of phthaJocyanine and its 
nickel salts.®* 

Figure 9 is a graphical description of the unsubstituted phthalo- 
cyanine molecule. The distances between the central nitrogen atoms 
9 — 13' and 9' — 13 is 2.65 A; this shortening, as compared with the N — 
distance of 2.76 A between atoms 9' — 13' and 9 — 13, is due to N — 
bond formation. When the central hydrogens are replaced by Ni to 
form the nickel salt, the distances between the central nitrc^ens are 
2.56 A and 2.60 A, respectively. All the nitrogen and carbon atoms, 
and probably the hydrogens, lie in one plane. In the central axteen- 

Robertson and Woodward, Proc. Boy, Soe. (London), AIM. 4S6 (1938). 

'* Robertson, J. Chtm. Soe., 1195 (1930) ; Robertson and Woodward, ibid., 319 (19S7)> 
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Btembffirod riog d atomte caibon aod nitrogen Ktotns, the int««tomie 
dbtance has a praetically coDi^)aQt value of ahout 1.34 A, and the 
s^oture is one of sin^e bcmd-^cHible bond resonance MmilMf to that 
foamd in the benzene rings. Robertson attributes the renuurkfd>le stabil- 
ity of the molecule to this inner structure and resonance. 



Fio. 9. — nojeeticm along the h-axia. sbowing one complete phthalocyanine molecule 
The of the molecule is steeply inclined to the plane of the projection, the M 
direction making an angle of 46” with the h-ajds, and the L direction 2.3°. Each 
contour line r c p r c scn te a density incronent of one electron per A’, the one-electron 
fine bang dotted. 

(Beprinted by pgrmiwinn of the Chemioal Sooiety.) 

Robertson ** has determined the structures of the cis- and tram-azo- 
benzenes. The molecule of trans-azobenzene is planar, the N=N dis- 
tance bring 1.23 A and the N — C distances 1.41 A; the second value is 
i^reciably less than .the expected 1.47 A and indicates that resonance 
plays an important part in determining the structure and stability of 
tins form of the compound. The structmre of os-azobenzene is not ob- 
tained by rotating the N=N bond through 180°; this rotation places 
the two nuclei 1.3 A from each other and is not probable from steric 
ccmriderfttioQS. In the most probable configuration, the benzene rings 
are rotated 40° so that they are separated by 3.1 A; the N’-sN distance 
is 1.83 A nod the C — N distance 1.46 A; the N — N — C angle is slightly 
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greater than the value 121° observed in tbe ^rana-form. Besontmce 
appears to contribute little to the stabilitjr of this form of tbe moleeule. 

The struotures of a number of other aromatic compounds have been 
lass accurately determined. All these structures are consistent with 
those found for the more carefully investigated compounds. 

In Table XXV are collected some of the interatomic distances de- 
termined from x-ray diffraction data. 


TABLE XXV 

iNTKKAToiac Distances in Some Oboanic Compounds 



Diatanoe 


Diatanoe 

Compound 

in . 

k 

Compound 

in A 

Diamond 

C-C 

1.64 

Hexamethylbenzene 

C — C aromatic 1.42 

Graphite 

1,2, 3,4,6, 6-Hexabromo- 

C-C 

1.42 


C-CH, 1.48 

cyclohexane 

C— Br 

1.94 

Nonacosane 

C-C 1.54 

GexobTcmoethane 

l,2,3,4,6,d-Hexachlon>- 

C— Bt 

1.97 

Hydrocarbons 

C-G 1.54 

cyclohexane 

C-Cl 

1.81 

Anthracene 

C— C 1.41 

Hexachloroethane 

C-Cl 

1.81 

Naphthalene 

C— C 1.41 

Urea 

C-N 

C==0 

1.37 

1.25 

Tetramethylbenssene C — C aromatic 1.41 
C— CHs 1.47 

Thiourea 

Hexamethylenetetra- 

C— N 
C=S 

1.36 

1.64 

Bibenzyl 

C — C aromatic 1.41 
C — C aliphatic 1 . 68 
C — CHs aromatic- 

mine 

C— N 

1.42 

Benzoquinone 

aliphatic 1.47 

C — C in ring 1.50 
C=Cinring 1.32 
C=0 1.14 


p-Diphenylbeuzenc C — C aromatic 1 . 42 
C — C betweoi 
rings 1.48 


The study of x-ray diffraction data has proved very valuable in 
elucidating the gross structures of certain high-molecular-weight com- 
poimds." Such data have helped establish the generally accepted-struc- 
ture of cellulose. In cellulose (p. 1709), it was found that bundles of 
very long, parallel chain molecules constitute the fibers of ramie, cotton, 
etc. The chaina are composed of unit structures, presumably cellobiose 
unite, which are linked together throi^ oxygen atoms. The lengtii of 
two units is 10.3 A, and the distance between two parallel chains is 
8.3 A in one direction and 7.9 A in the other. 

Bandjui, '"The Diffractaon of X-rays and Electrons by Amondkoos Solids, liquids, 
and Oases," John WUey & Sons, New York (1934), p. ^)0. 
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SkBOa " has fiooadsred the data obtained from the (Mraethm of 
x*cayB by edluloee membranes and has discussed their structure hx»m 

miceliar and continuous theories. He concluded that there was no 
necessity to assume a unit smaller than that of a cellulose particle as 
found in living plants. Mark** concluded from the latest available 
data that cellulose is made up of cellobiose units, vchich comprise two 
sets ci cluuns running in opposite directions. The unit cell has (he 
dimensions 8.3A by 10.3 A by 7.9 A. 

The structures of certain synthetic linear polsrmers have been investi- 
gated.^*’*’ These compounds appear to have the normal structures of high 
molecular substances. Whereas, for simple compounds, the arrangement 
of the end groups determines the crystal form to a considerable extent, 
for the long-chain substances, these end groups are less important; the 
simple lattice becomes one in which the ends of the molecules occur at no 
regular position in the structure. The recent views of such structures 
picture the molecules as parallel chains of different lengths, with ends 
overlapping, which in certain regions fit into a lattice-like arrangement. 
These portions of the structure are termed crystalline regions; in adja- 
cent volumes the chains are in imperfect arrangement and behave as 
amorphous materia. The polymethylene and polyethylene oxides crys- 
tallize with the chains parallel. In the linear polyesters, the ethylene 
and decamethylene compounds have the planar, zigzag structure, the 
chsun length of which increases uniformly 1.26 A for each CH 2 group 
added. The linear polysulfides and vinyl derivatives show siniilar 
structures. 

The structure of rubber has been the object of much experimental 
work. The results have been conveniently summarized by Gehman.“‘ 
Stretched and unstretched rubber show different diffraction patterns. 
TJnstretched, raw rubber gives an amorphous pattern like that of a 
liquid imtil the substance is frozen, when the pattern becomes crystal- 
line. The change between the two states is continuous. The pattern 
of frozen rubber is like that of a crystalline organic compound dispersed 
in minute crystals in random arrangement. On stretching, the diffrac- 
tion pattern of rubber* changes to the crystalline type, with a definite 
axis of rotation along the axis of stretch. This pattern appears to be 
superimpcKied upon an amorphous pattern, and as stretching proceeds 
the crystalline diffraction increases in intensity. The lattice spacings 
for stretched rubber are the same as those found for frozen rubber. 
The interpretations of the x-ray data for rubber are not definitely 

•• Chem. Bm.. U, 187 (1040). 

*• Utak, 160 (10«». 

>**FutIw. ibid.. 86, 143 {19*0). 

Gtlffiiali. m., 86 . 208 (1940). 



coNsrrnrrioN and physical phoperties 17«® 

settled. The chain molecules in crystallites of stretched rubber are not 
planar. Ciurent theories postulate a statistical lengthening of the 
molecules during the stretching of rubber, this lengthening being accom- 
panied by a straightening of the chains. The gross structure can be 
described by the theory of regions of crystallites and of amorphous 
volumes. The stereochemically posable structures picture rubber as 
the cis-butadiene derivative and gutta-percha as the troTis-form. 

Collagen and gelatin have been investigated by a number of workers, 
and Astbuiy has g?ven the most recently proposed structures. The^ 
structures are consistent with the chemical data on the degradation 
products of the proteins and are compatible with their physical prop- 
erties. In collagen, the long individual molecular chains are held to- 
gether in the form of a grid by cross linkages of one sort or other between 
the side chains. The average distmice between chains varies with the 
humidity, but is 10.4 A for thoroughly dried collagen. The distance 
between adjacent grids is approximately 4.4 A. The chains, modified 
slightly by hydrolysis during the transition from collagen to gelatin, 
are made up of amino-acid residues, the average length of which along 
the molecular axis is 2.9 A. The best evidence indicates that the aver- 
age chain is 838 A long or a multiple thereof, and is made up of 288 
amino-acid units. The average molecular weight is about 27,000 or 
some multiple of this. To account for the short average amino-acid 
length along the direction of the chain, it is necessary to assume a 
zigzag structure. 

The final choice as to the arrangement of the amino-acid residues 
along the chain of the gelatin molecule is governed by their frequency of 
occurrence in the decomposition products. The high percentages of 
proline plus hydroxyproline and of glycine residues lead to the arrange- 
ment 

• ■ • — R — G — R — ^R — G — ^R — P — G — ^R — • • 

where P stands for either proline or hydroxyproline, G for glycine, and 
R for one of the other amino-acid residues. This grouping repeats itself 
until the average molecular weight is 27,000 or a multiple thereof. 

ELECTRON DIFFRACTION BY ORGANIC COBCPOXIHDS 

Moving electrons exhibit properties characteristic of wave motion, 
and the reflection or diffraction of electrons by solids, liquids, and gases 
obeys certain laws which apply to the action of light or x-rays. Advan- 
ta{^ has been taken of this fact in determining molecular structures by 
a method similar to that used in x-ray diffraction e:q)etiments. There is 

Astbuiy, J. Intmu Soe. Ltaiher Trada’ CAsm., 14, 6S (1940). 



OBOANIO OHEMISmT 


ft tedaftneotal c[utfaiie<»(»k betwe^ the aotioa of x-ra^ ami electrona; 
whereas X'*ta3m interact with the eJectron dond whidi suiroanda the 
ntldei, the electrons interact with the nuclei themselves. 

Ihe electron diffraction method of determining the structures of 
imbstances in the gaseous state has several advantages over the x->ray 
method. Where measurements are made on gases, oomplioations due to 
the symmetry properties of intermolecailar orientation are lacking and 
the data are generally more unambiguously interpreted. Such data are 
more readily obtained by electron diffraction than by x-ray diffraction 
n^surements. Furthermore, the electron diffraction method is capable 
of showing the locations of hydrogen atoms which cannot be plao^ by 
x-ray data; this is of great importance to the organic chemist. 

Most of the structures of organic compounds derived from electron 
diffraction experiments have been determined in the gaseous state. 

The determination of molecular structures by electron diffraction 
measurements was first announced by Wierl.^*’* Since this work, many 
i^baements of methods and interpretation of data have been made and 
a large nximber of organic compounds have been studied. The results 
of these investigations have been summarized by Maxwell."** 

Definite evidence for the planar structure of benzaie and the puck- 
ered ring structure of cyclohexane has been obtained from electron 
diffraction data. The structures of a few compounds have been de- 
termined by both x-ray and electron diffraction methods, and the agree- 
ment between the results obtained by the two methods is satisfactory. 
This is shown in Table XXVI. 


TABLE XXVI 

jymtMiomB vmvfnsm lonrans Atoms I>etebmin»> bt X-Rat and Elbotbon 

DotBACTION MSABimBMBMTS 


Sabetance 

Jodme 

l,4-IKiodoben«oe 

1,3-IKiodobaDMne 


Electron Difbaction 
by Vapor 
2.64 A 
6.85 A 
6.97A 


X-Ray IMffraction 
by Oyatal 
2.7oA 

e.ssA 
6.02 A 


A few of the xeralto of etectron diffraction studies of organic com- 
pounds are g^ven in TaUe XXYII, taken from Maxwell. 

’ An intoree^ng result of electron diffraction measuremorts on the 
vr^ (ff fonnio add has been obtained by Pauling and Brockway.*** 

iMWiart, Ann, S, 581 (1031); IS, 463 (1033). 

AOy«iM{6«e. Am., S8. 874 (1040). 

WpMi&iK aaft Bioelnnr. 6V«e. Acad. (7. 5., M. SSe (1084). 
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TABLE XXVIl 

DlSTANCHiS BETWEEN AtOUS DbTEBMNBD BT EIiECIBON 
Divnu.onoN Me^bebeuents 


Substance 


Interatomic Distance 

in A 


Remarks 


Etlume 

C-C 

C-H 

Ethylene 

C=C 

Acetylene 

CfeC 

Diacetylene 

C— C 
C=C 

Propane 

C— c 

Cyclopentane 

C-C 

trana-Dichloroethylene 

Cl-Cl 

c»-Dichloroethylene 

Cl— Cl 

Methyl bromide 

C-Br 

Methyl iodide 

C — I 

Methylene iodide 

C — -I 
I~I 

Carbonyl sulfide 

0=8 

0=0 

Bromoform 

Br— Br 

Phosgene 

0=0 

c-a 

Acetyl chloride 

0=0 
C— C 
C— Cl 

Methyl aride 

NsN 
N=N 
C— N 

Carbon dioxide 

0=0 

Carbon disulfide 

0=8 

Carbon tetrachloride 

C— Cl 

B^tzene 

C-C 
C— H 

Cyclohexane 

C— C 
C— H 

Hexachlorobensene 

C-C 
C— Cl 

a— Cl 

(flrtho) 


1.55 

1.09 

1.34 

Plane structure; C — H 

1.22 

1.36 

angle 110° 

T, incur 

1.19 

1.54 

Tetrahedral angle 

1 52 

Plane pentagon 

4 27 
3.22 
1.91 
2.28 
2.28 

I— C-I angle 125“ 

4.06 

1.56 

Linear structure 

1.16 

3.15 

Br— C— Br angle 111“ 

1.28 

Cl— C— Cl angle 117° 

1.68 

1.14 

C— C— Cl angle 110° 

1.54 

1.82 

1 24 

C— N— N angle 120° 

1.10 

— N=NsN linear 

1.47 

1.13 

Linear structure 

1.54 

Linear structure 

1.76 

Tetrahedral structure 

1.39 

Plane hexagonal structure 

1.08 

1.53 

C — C — C angle 109° 

1.09 

1.41 

Plane structure 

1.70 

3.11 
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Thek data fdiow that formic add dimerizes through hydrogea bonds to 
the symmetrical structure 


0_»H— O 



\ 

CH 

/ 


O— H«-0 


in \duch tile distance between oxygen atoms in the 0 — O system is 
2.67 A and the C — O distance 1.29 A. The 0 — C — 0 angle is 126“. 
The structure of monomeric formaldehyde has been determined by 
Stevenson, LuValle, and Schomaker,*®* who found the C — 0 distance 
to be 1.21 A and a C — distance 1.09 A. 

It has been fotmd that the distances between atoms joined by co- 
valent bonds can be obtained with reasonable accuracy by adding the 
empirically determined radii of the atoms.^®’ 

Paufing and Hug^ns have prepared a set of atomic radii to be 
used in calculating covalent bond distances. A few of their values are 
pven in Table XXVIII, By the addition of the atomic radius values, 
the interatomic distances in a number of compounds have been calcu- 
lated and found to agree with observed values. 

TABLE XXVm 

AtOMIO BaOH for CAlnCIATINQ CoVAIJINT BOND DISTANCES 


Single Bonds Double Bonds 


H 

0.29 A 

C 0.67 A 

C 

0.77 

N 0.63 

N 

0.70 

0 0.59 

O 

0.66 

S 0.94 

F 

0.64 


a 

0.99 


Br 

1.14 


I 

1.33 

Triple Bonds 

Si 

1.17 

C 0.61 A 

P 

1.10 

N 0.56 

S 

1.04 


Qe 

1.22 


As 

1.21 


8e 

1.17 



1.40 


8b 

1.41 


Tin 

1.37 



*** StOTcosoa, LuVallltJiod Sobomsker, /. Am. Chem. 8oe., 61, 260S (1039). 
^ Huisiiu. Fkv* 1086 (1828). 

»• Fai^ Z. KrUt., 67, 206 (1084). 
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An example of this agreement is shown in a study Btockway and 
Jenldns *** of the structures of some metallic and non'metalHc alkyl de- 
rivatives as determined by electron diffraction experiments, fii Table 
XXIX are presented the results of their determinations together with 
the values calculated assuming additivity of atomic radlL 


TABLE XXIX 

Bond Distances and Kadius Sums in Methti. Cokpottnds 


Bond 

Experimental 

Value 

Radius 

Sum 

Bond 

Experimental 

Value 

Radius 

Sum 

C— C 

1.6S 

1.54 

S— C 

1.82 

1.81 

N— C 

1.47 

1.47 

Cl— c 

1.77 

1.76 

0-0 

1.42 

1.43 

Ge— C 

1.98 

1.99 

F— C 

1.42 

1.41 

Br— C 

1.91 

1.91 

Si— C 

. 1.93 

1.94 

Sn— C 

2.18 

2.17 


The excellent agreement for molecules containing covalent bonds 
between the observed interatomic distances and those derived from the 
radius sums has been used as a basis for calculating the degree of reso- 
nance in molecules with conjugated systems.”® For some molecules, 
the carbon-carbon distance is intermediate between that for a angle 
bond, 1.54 A, and that for a double bond, 1.32 A. It is deduced from 
this that the bond has some single- and some double-bond character, 
which is the result of resonance between the several possible structures. 
For example, benzene resonates between the two identical Kekul6 struc- 
tures, and it has been found by electron diffraction measurements that 
the C — C distances are all 1.39 A. 

By noting the deviations between the experimentally determined and 
the calculated C — C distances, Pauling, Springall, and Palmer have 
determined the amount of double-bond character for C — C bonds in 
various conjugated systems. They conclude that: a bond between two 
double bonds, two benzene rings, or a double bond and a benzene ring 
has about ^ to 25 per cent double-bond character; a bond between a 
double bond and a triple bond has about 30 per cent double-bond charac- 
ter; and a bond between two triple bonds has about 40 per cent double- 
bond character. 

As a result of structure determinations by the electron diffraction 
method, Schomaker and Pauling “ conclude that the degree of reso- 
nance stabilization of furan, pyrrole, and thiophene increase in the 

><w Brockway and Jenkins, J. Am. Chem. Sod., M, 2036 CtB36). 

Pauling, Brockway, and Beach, ibid., Vt, 2706 (1936). 

Pauling, Springall, and Palmer, ibid., 61, 936 (1939). 

“'Pauling and Schomaker, tbtd., 61, 1780 (1939). 
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i^vten. fVcKQ the obeerved C*— N dktaaoes in pyridme wad pyra- 
axMi'lxS? A sod L35 X, roepeotiveiy, it is eoQcluded that resonaQce due 
to the Kd£uli§ Btaructures is augmoited by additional resonance due to 
Ionic staiuctares involving the nitrogen atoms. 

ABSOKPTION SPECTRDH AIID RAMAN EFFECT 

It vrill be profitable to diseusa briefly the principles which govern 
the absorption of light by molecules. A simple diatomic molecule may 
be conadeted to have a dumbbell structure in which the two atoms 
vibrate very rapidly with respect to each other along the line which 
separates them. In addition to this rapid vibration, the molecule slowly 
rotates as a whole about its center of gravity. The electronic structure 
of the molecule in its normal, unexcited state remains constant during 
the vibration and rotation. When energy in the form of light is absorbed 
by the molecule, one or all of three changes may occur: the electronic 
stmetaxe of the molecule may be altered; the amplitude of vibration of 
the atoms may be increased; or the frequency of rotation of the molecule 
may undergo a diange. 

When the light absorbed by a molecule results in a change in its 
electronic structure, the molecule is said to be electronically excited; 
vriien the absorbed light causes a change in the amplitude of vibration of 
the atoms, the molecule is vibrationally excited; when the absorbed 
light changes the rate of rotation of the molecule, the molecule is rota- 
tionally exdted. Usually the absorption of light by a molecule results in 
simultaneous changes in its electronic, vibrational, and rotational states; 
and in the analyris of the spectral absorption data it is necessary to 
separate the absorbed light into the three components which contribute 
to the three types of excitation. 

Changes in the electronic structures of molecules require relatively 
large amounts of energy as compared rrith those necessary to produce 
vibrational and rotational excitations. The energy of electromagnetic 
waVes is pven by the equation e.v. ■= 12,336/X, where e.v. is the num- 
ot electron volts (1 dectron volt 23,070 cal.) and X is the wave- 
kiogth in Angstrdm unite. The energy necessary for electronic excita- 
tion coxrecponds to U^t in the ultra-violet or visible region of the spec- 
trum; that for vibrational excitation, to near infra-red light, and that 
for rotational exdtation, to far infra>-red light. Consequently, absorp- 
tion dl iririble'or ultra-violet light usuaOy results in electronic exdta- 
tion, wiudi is accompanied by rotation^ and vibrational changes. With 
Afasorptirm of inb»-xed h^t, sunultaneous vibrational and rotational 
tieuidly take place. 
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In tiie Raiaan eSeet, light of a wavelength interacts witlt a 
molecule and a certain fraction of ita en^gy ia used in prodtnang a purely 
vibrational excitation. The energy not used in this excitation is scat- 
tered from the molecule as light of a wavelength longer than that of the 
exciting source. The difference in wavelengths (or frequencies) of the 
ori^nal and scattered light is therefore a measure of the excitation 
energy of the vibrating system. Since the Raman effect is measured 
by differences, the result obtained is independent (within certain limits) 
of the frequency of the exciting light. Furthermore, nnce infra-red 
absorption data also serve as a measure of vibrational energy effects, 
data obtained frmn the Raman effect and from infra-red absorption 
should be comparable; this is found to be true for a number of substance. 

The preceding discussion has been confined to diatomic molecules. 
The problem of the analysis of spectroscopic data for polyatomic mole- 
cules becomes exceedingly complicated owing to the large number of 
vibrating systems and to the increased possibilities for electronic transi- 
tions. Indeed, only for polyatomic molecules with high degrees of sym- 
metry have the data been successfully analyzed. 

The electronic excitations are more or less dependent on the mole- 
cule as a whole. However, the frequencies of the vibrating systems of 
atoms and groups are more constant, and it has been possible to assign 
certain characteristic frequencies to the various groups of atoms which 
occur in organic compounds. It is recognized that constitutional factors 
have definite effects on the frequencies which the various vibrating 
atomic couplets exhibit, but the variations due to constitution are usually 
not too great to impair seriously the assignment of the fundamental 
frequencies to particular pairs of atoms. Thus, infra-red absorption 
and Raman-effect measurements are readily interpreted because they 
do not involve electronic changes, and these measurements have been 
extensively undertaken in the determination of characteristic group 
vibration frequencies. 

Pmniiti Effect Since the study of the Raman effect affords a direct, 
theoretically simple way of determining the fundamental frequencies of 
vibration characteristic of various atomic linkages, conaderaWe experi- 
mental work has been done in the measurement of the Raman effect in 
organic molecules. BSbben has given an exhaustive summary of the 
experimental data. 

In presenting data on the Raman effect, the usual method oi express- 
ing the magnitude of the difference in frequencies of the exciting and 
emitted light is in terms of reciprocal centimeters, cm.~^, i.e., the num- 

u« Hibbeo, Chem. Ret., lA 1 (1936) ; Eibbes, “The Ramaa Effect and lie dunical 
AppUeations,’’ Selnhold PuUiabinx Corp- New York (1939). 
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mms p& cm^mei/N. Tliex^uesoltliesediffenmoesarotermed 
Bamaa sidftia. By using the frequoicy equation for an hiMninnift 
eodliitar* 



it is pofldble to calculate from these Raman shifts the forces binding 
the aUmm of the vibrating system. Force constants for some bonds will 
be found in Table XXXI. 

The use of Raman data is valuable in the identification of certain 
finkagea in oiganic compounds. The fact that bonds and atomic couplets 
eihilHt characteristic Raman shifts which are independent of the en- 
vironment of the compounds containing them and, hence, which are 
free of intermolecular disturbances makes the method of practical im- 
portance for structure determination. Constitutive factors affect the 
absolute values of the shift characteristic of any group, but usually the 
perturbations are not great enough to prevent identification of the 
particular bond or group producing the shift. The effect of constitution 
on the Raman shift for the C— H linkage is shown in Table XXX. 

TABLE XXX 

Raiuk Ssirrs fob C — H VisaATiom 

linkage 

C — H aromatic SOM 

H 

C— C-C 2970 

H 

In TaUe XXXI are collected values of the Raman shifts for a few 
atomic linkages; force constants (i>") for some of the bonds are included 
in the table. Tlie figures represent dtiier the ranges of values observed 
(NT rou^ avmagea. The force constants for the bonds other than those 
inwcdving ealfat are ndatively independent of the atoms held together, 
aiKl the bond atmigtius are in the approximate ratio 1 : 2 : 3 for the 
aini^ double, and tziide bonds, respectively. 

A^Mempta have been made by means of Raman spectra studiea to 
d^oo^ wfaidher there is unrestricted rotation about a ringle C — C 
bcnidL The cbdte for ai^ihatie hydrocarbons and saturated aliphatic 
flritondes are inocmehuBve, althoi^ the results are not inemnpatible 
inth Uto ensteii»» of as and irons oonfiguratioiuL 

Tbs course of ocrttin polys^isa&m routicau mvdving openisc df 


Tjfiirug g 

C— H alijdiatie 
H 

C-C— H 
H 


2918 

12930 

(2802 



ooKfiTmrnoN and fbtsical vrnmmm 



bonda has be^ followed by noting the behanta: of tl» 
Raman shift. 

TABLE XXXI 


Baiun Shuts and Fobcb Constants fob CaABAcncBiBnc LinkaOU 


FX10» 

vnaa rtm 


linkage 

Shift, cm. ^ 

Dynes cm."’ 

C — H aliphatio 

2910-2970 

4.9 

C — H aromatic 

3050 

5.0 

C — C aromatic 

1680-1620 


C — C aliphatic 

990 

4.6 

C — 0 alcohol 

820-S80 

6.0 

O-H 

3500 

6.8 

C-C 

1190 


\/ 



C 



8-H 

2570 

8.8 

C-S 

645 

2.1 

C — N nitro 

910-930 

4.3 

RfTiinw 

880 


N— 0 

1000-1080 


C— Cl 

650-710 


O-Br 

570-600 


C-I 

600-630 

10.6 

0=0 

1000-1650 


0=0 acid 

1650 


ketone 

1710 


aldehyde 

1720 

10-11.5 

ester 

1720 


anhydride 

1760 


N=0 nitrate 

1640 


nitrite 

1640 


nitro 

1666 


0=N 

1650 

10.4 


2100-2260 

15. d 

feN 

2160 

17.5 


The value of Raman-eflfect data in detennin^ etructuiea or in 
differentiating between proposed structures can be illustrated by several 

of the many problems investigated. 

It has been found that the Raman shift due to the C>=C bond m 
cis-irans isomere is uniformly greater by at least 15 unite for the frorw 
oonmounds than for the cis compounds; the importance of to 
iaation is obvious. By a careful study of the dtect on the characteansto 
0=C shift of substitution on the carbons of the ethylenic linkage, to 

Bteuctures of rhodinol and dtrondlal have been detei^ed. 

Ahot«af*f ATlfiltin {"aBbO 
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■vim. (Ms cc^npcMind b added to water; oq sohittoa toe 
Basoan i^wctnim bec(»xtes similar to that of glycol. Iheee facte are 
iaterpret^ tomeam that toeieacticm CH 2 O+ HgO -♦ CHs<OH)a occurs. 
That no 0»0 shifts are fo\md in par^dehyde or paraformatd^yde b 
positive evidmioe that these polymers are cyclic in structure. 

In an equilibrium mixture of a tautomeric substance such as aceto> 
acetic ester, both O-C and 0-0 shifts are observed. When the poea> 
bility of tautomerbm b removed by dialkylation of the central carbon 
atom, the 0»C toift b no longer observable. These facts afford con* 
firmatoiy evidence for the claameal structures of these compounds pro* 
posed by the organic chemist. 

The presence in toe oximes of a Raman shift which corresponds to 
that of the 0=N linkage must be definitely considered in any proposal 
of a structure for these compounds. Similarly, it has been estabUshed 
from meaduiements of toe Raman effect in nitriles and bonitriles that 
these compounds contain a OeN linkage. 

Infra-red Absorption Spectra. The investigation of infra-red ab- 
sorption spectra became of particular interest to the organic chembt in 
1935, when toe results of studies of the infrarred ateorption of cer- 
tain organic molecules containing OH groups were reported. Thb work 
immediately opened the way for the extensive investigation by Errera, 
Wulf, Sutherland, Rodebush, Badger, and otheis of chelaiton and inter- 
molecular hydrogen bond formation in organic compoimds.“‘ 

An (ng^anic compound, aliphatic or aromatic, containing a free OH 
group shows a narrow symmetrical absorption band with its maximum 
at, or near, 2.7 n (7000 cm.~^); toe exact location of the band depends 
upon the molecule. Hilbert et ol.^ observed that thb band was absent 
in those molecules which, from other evidence, were known to undergo 
hydn^ien bond fonnation. It was later established that upon associa- 
txm the narrow band was replaced by a broad one extending trom 2.9 y 
to 3.3 y, which was characteristic of the O — ^H • • • O linkage. 

Tim change In absoiptioa characteristics of the OH bond of methyl 
alodhol in carbon tetrachloride solution b shown in Fig. 10, taken from 
the work oi Buewell, Detts, and Rodebuzh.*" 

In dilute soUitknis (0.005 M), the 2,1-y band of toe unperturbed OH 
group b quite etixxng, and the broader band due to the 0— H • • • O 
b<md at 2.05 y b idbtively weak. As the concentration of alcohol in^ 

luUTiiUaadlitfd^/. Am. Chtm. Soc., VI. 1464 (19S6>); Emm Mid McJlet, nfcv*. 
ramwt , «. aSl (IMS); »ooit aaii Emra, ibid., «, IM (1986). 

aOlMrt, Wuk. Htodrkta «ad Udd«i. /. Am. CAmi. Sm.. H, MS (1836); (3) 
8li£b«tHKi> Jtox«. CMn. Bee. {London-), W, 88 (1988) ; (e) Paufing, ''TM MMun <4 
the OHtnM Boo4” CoroaB Pnm, Mmc*, New York (1939), p. 996. 

msiimwa, Dfifai. aad Bodcbu^ /. CImn. Pkim, «* m (19>?). 
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creases, the ntunber of asiociated molecules beeoo^ grater and tiie 
2.7-n band weakens while the 2.9S-n band beccHoaes stronger. In 
case, the degree of association is not known, but hydrogen bonding is 
the cause. 



Flo. 10. — ^Absorption curves for methyl alcohol at various concentrations in carbon 
tetrachloride and (top) pure liquid methyl alcohol. 

Studies of the aliphatic carboxylic acids have shown that, under 
conditions favoring association, the OH band decreases in intensity and 
a band characteristic of the dimer appears. Equilibrium constants for 
the association were calculated from the data and found to agree with 
those obtained from vapo^density measurements. 

Studies have also been made of hydrogen bond formation involving 
the N — H ' • • O linkage. Buswell, Hodebush, and Boy ^ have investi> 
gated the infra-red absorption spectra of add amides and Ihdr. nmo* 

M Badger and Bauer, ibid., 5, 605 (1937). 

M* Buawell. Rodebuah. aad Bcfy. /. Am. dam. Soe.. 10 , a4M (1938). 
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mi 4^alKttituted alkyl d^vatives and of symmetiical ketoximes. Pro- 
{nimaitude m carbon tetracldoride solution showed no OH band at 2.7 n, 

OH 

and hence does not enolize to give the structure CtHiC=>NR. As the 
concentration of amide was increased, the characteristic NH bands at 
2,83 and 2.92 n decreased in intensity and an 0 • • • H — band at 
3.15 n appeared. This change indicates that the molecules associate 
throu{^ hydrogen bond formation. N-Elthylaoetamide in dilute solu- 
tion showed a strong OH band, proving that this compormd enolizes. 
There was a s%ht shift in the NH band with concentration, indicating 
that some associaticm was occurring. Disubstituted acid amides gave 
no spectroscopic evidence for enolization or association. 

Symmetrical ketoximes were found to exhibit the strong OH band 
expected for the structure R20==N — OH. With increasing concentra- 
tion of compound, an association band at 3 /t appeared. 

Buswell, Downing, and Rodebush were unable to obt^ proof 
for the formation of N — ^H • • • N bonds with nitrogen compounds con- 
taining no oxjrgen. 

Gordy and Stanford** have investigated the infra-red spectra of 
some compounds containing SH, NH, and NH 2 groups. Their results 
indicate that the SH group in thiophenol and mercaptans bonds through 
the hydrogen with pyridine, «-picoline, and dibenzylamine. Pyrrole, 
diphenylamine, o- and p-toluidine, o-naphthylamine, and 0 - and m-chlo- 
roaniline were found to form N — ^H • • • O bonds with ether, and to 
polymerize in the pure state. 

The absence of the 2.7-ii band for molecules with OH groups may be 
due, not to intermolecular hydrogen bond formation (association), but 
to intramolecular hydrogen bond formation (chelation). Chelation has 
been extensively studied by infra-red absorption measurements,**®*’ **®‘’ 
and Table XXXII lists a few of the compounds found to form strong 
mframolecular hydrogen bonds. 

TABLE XXXn 


Q^IFOCIISS UHOSBOOINa Chelatiom 


oSitrofAmd 

2,&-l>ioitroptoiol 

L-Nitmsaiiitliol-S 

2-Nit««geo roi nol 

l,4»j3flqwhw^y-fi,8-mq;Atheqpi^ 

^l^hjndzoxTUtliraqiiiiMJiwaBluylaldebyde 


4.6- Dia«etylMs«arcinol 
2,4-I>ioitror»(nciiu>l 

4.6- DmitrQre0OTOinol 
2,2'-Dih7dn»cybeiuBt)pheQone 
l,8-l>ib7drox7Mitlu»quiiioae 
j^Dihydroxydietbyltetephthakte 
A^ylaostoie 


«d 4 Sodebi^. 4M4., tt. 3342 (1088). 
***GMdr aMUtiiitod. fbU.. 407 (1040). 
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A stody of th® nxoiecides found to fram inteamolecidar hydrogen 
bonds has led to several geoeralixatioiis regarding the conditions under 
which the phenomenon occurs. 



«D* 7000 7200 OMM 7100 7000 

Fio. 11. — ^Infra-red absorption opeotia of phenol and related substances in carbon 


tetrachloride solution (Wulf and collaborators). 

From **Niiture o( the Chemiool Bond*'' hy linus Pauliogo CcffneU XJnivenity In te rn , IthMft, K. T. 
( 1939 ). 

1. The distances between atoms in O— H and N — H groups suS^ 
very little change upon bond formation. 

2. The distances of the three-atom system are; 

0— H ”0 2 6-2.7 A 

N— H”0 2 . 8 - 3 . 0 A 







OQSlCESmT 


'* 3. dtdit^^oD taisee i^oe oiidy tiie i&ig k free (tom Btaus; 
ftea^ ahrajm the ihig l<»saed k mx^zkembeied, oountisg the H atcmi. 

4. There must be a hmited number of bonde in tiw ring about whidi 
th^ can be free rotation. 

Soma hydroxjri-oontalning compounds show strong absorption in the 
r^^on 2.7 it, but the curves do not have the single sharp peak charac- 
terktac of idiphatic alocdiols. The peaks sometimes occur at wave- 
lengths other than 2.7 /*$ and somerimes have two miajrima This is 
illustrated in Ilg. 11, taken from Pauling, by the absorption curves for 
phenol, o-chlorophenol, tridhlorophenol, and catechol. 

PauEng ^ explained the double maxima as being due to the existence 
of two types of OH or NH groups with different frequ^cies. A phe- 
nolic OH group does not interact with other groups mela or para to it, 
once resorcinol, hydroquinone, and n»-nitrophenol show single absorp- 
tion peaks at 7050 d: 15 cm.~^ Phenol, because of the partial double- 
bond charact^ of the G — 0 bond due to resonance, has two possible 
configurations, but these forms are alike and therefore only a single 
absorption band is observed at 7050 cm.~^ The same geometrical con- 
admitions expldn the existence of a single band for tricbloiophenol, 
and the frequency maximum at 6890 cm."^ (an appreciable shift from 
TOSO cm.“‘) is due to the interaction of the OH with the ortho Cl atom. 

For o-ohforophenol there are two non-equivalent structures 


o/® % 



Two mokcular i|>ecie8 are therefore to be expected, with the de- 
form in hk^i^ concentration because of the stabUizuig effect (ff the 
0 — H > ’ ' Cl bond. Experimentally, o-cblorophenol exhibits two peaks, 
at 7030 cm.''* as in phenol characteristic of the trons-form, the 
(dhear at 6690 as in 8ym.-trichlorophenol characteristic of the 

dMdm. The at 6890 Gm.'^ has about ten times the absorption 
of theotfafflr. 

The eo^laaaticHi just ^vmi for the complexity of the spectrum of 
o-chlotcqjiieiuil has berai applied to other con^wunds. Some substances, 
odnetiKHTpheiud, show only one band; tins indicates that only 
one of the isomers cff these compounds is stable. Catechol shows two 


n* tiML. ss. 04 (iwe). 
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equal peaks at absorption at 6970 and 7060 em.~*; iliese axe presanttfciy 
due to the configuration 


H 



which has two OH bonds of different types in equal amounts. 

Davies *** has studied the infraried spectrum of chloral hydrate in 
the range 2.6-3.0 /t and has 'found a strong band at 2.8 /i which na-n be 
due only to the OH bond. He concludes that the anomalous stability 
of two OH groups on the same carbon atom in chloral hydrate is due to 
the interaction of the OH groups with the adjacent CCI 3 group, i.e., to 
form O — ^H • • • Cl bonds. Bromal hydrate was found to exhilut the 
same general spectral properties as chloral hydrate. 

The use of infra-red absorption measurements in studying the asso- 
ciation and chelation of organic compounds affords an excellent example 
of the utility of a physical measurement which yields direct information 
about the behavior of definite structural units in complex molecules. 
Such a method offers distinct advantages over others such as the para- 
chor. This is true because the parachor value represents the sum of all 
the structural units in the molecule, and hence necessitates that indi- 
vidual groups or imite be identified by taking difierences, a procedure 
frequently inaccurate. 

Visible and Ultra-Violet Absorption Spectra. As previously stated, 
the absorption of visible or ultra-violet light is usually associated with 
a change in the electronic structure of one or several parts of the absorb- 
ing molecule, accompanied by alteration in the vibrations of the atoms 
in the groups and by changes in the molecular rotation. If only deo- 
tronic excitation occurs, the absorption is confined to a single wave- 
length, as is found in the spectra of certain rare-earth metals; it is the 
ad<htional changes in vibration and rotation which are responsilde f<H' 
the broad nature of the observed absorption bands. 

It frequently happens that there are two groups in the nudeenle 
which absorb light. H these groups are isolated from each other in tlm 
(w psA that there is little or no electronic interaction between tfamn, th» 
absorption spectrum usually exhibits two separate absmrption bands, 
each characteristic of one absorbing group. If the two groups internet 
electronicaUy, usually through conjugation, the resultant absorptamx 
shows a strongly modified band or bands. 

u* Dkviea, 3Van«. FaradaU Soe., 86, 833 (IMO). 
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Htt iypm ei iatonetkni bet««ea two grcntps may btf laoadly and 
loQS^y tSaanSed fay their dSecta upon the afasraptiim speotnim df the 
moleOQk. The type of mtetaction ia found when two rdatively 
noU'Polar groups an joined by conjugated double bonds, and the ab- 
sorption i^peotra (d saxb qratems are usually in the ultrar\dolet or near 
ultica-violet. Atthoughnsonanoe plays a part in determining the spectra 
oS eu(^ oranpounds, its marked effect is tiiown in the second type of 
interactiim usually found in stroni^y colored substances, dyes. This 
was first pointed out by Bury.^ 

Lewis and Cahrin in an excellent review of the absorption behavior 
of rwipuiie substances have criticaQy examined the pertinent data and 
have formulated a general theory about the color of compounds. They 
describe rescmanoe as follows: 

substanoe to wbidi only oire reasonable formula can be astigned 
has propertise in accord with that formula. When to a substance two 
OT mote structures might be assigned, such that one may be derived 
frmn another merely by the shifting of electron pairs, these structures 
are said to be in resonance with one another, especially if the energies 
oonesponding to the several structures, as well as the relative positions 
of the atoms, are not widely different. Such a resonating sub^ance is 
to be regarded not as a mixture of various molecules corresponding to 
the various structures, but rather as having a single kind of molecule 
which, however, partakes of the character of the several contributing 
sbnietures.” Besonanoe is usually responsible for the deep color of 
certain organic compounds. The individual groups making up the mole- 
euies have thdr (haracteristie absorptions in the ultra-violet or near 
ultra-vi<det, and resonance causes the absorption in the viable region. 

Most colored organic compounds are only sligbtly volatile and have 
been studied only in solution. In solution, the rotational fine structure 
is eomidetely wiped out, and that due to vibrational effects is usually 
not reserved. Tbss reailts in a broad band which may or may not show 
xsaom peaks. It is sometimes posable to resolve the vibrational struc- 
ture hf obsKving the qrectrum at low tempantures, where the perturb- 
ing effects eff tlm solvmtt molecules are eonsderaUy diminished. This 
te ilhtttrated in fig. 12, taken frenn Lewis and Calvin. 

The advent ussd may have a marked effect upon the absorption 
Bpeetnon, partiedatly when there is reacti<m such as salt formation 
between tibe solute and the solvent or wl^n solvaticm occurs, frequently 
hythogm btmd formation. This effect is shown in ilg. 13 for 

» Boy. J. Atm. Swh tr, 811 S (IKS). 

**• XMrfo wd Ch«i». A<f., a^ 378 usee) ; Bns«b tAd Catvia, "Tte Tbtoqr el 

Onanie aWMMqr.’* mnUea-Baa. N«ir Yoxk (tMl). 
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FlO. 13 .— Inflaenoe of solvent on Ute absorption spectrum of bemeuecLSophenoL 
1 * EG sototlon; S - pyridine eolutioa; S - elooliol edution; 4 » EOH wlliWen 
IVom date of Bra^ fee. etf. (Coaiteey of pubUibenO 
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betiataiieM^phexH^, tal»a from l^ode.^ la otdw to reduce eol'rait 
meaetuemmts are oiade in oon^polar or elightfy polar media, If 
BcdublHty z^tdoiui permit it. 

It wQl not be poaable to develop fully or to illustrate amxdy the 
various ramifioatioDS of theories of color. For a more detailed treat- 
n^t, reference should be made to tbe paper of Lewis and Calvin and 
to leading dtatlons pven therein. For the present purpose, it will be 
possible to ^ve only a few illustrations of the absorption behavior of 
various types of oiganie compounds. 

The effect upon absorption of the interaction of two relatively non- 
polar groups which exhibit resonance to a minor degree is illustrated by 
observations on the absorption spectra of solutions of aldehydes.** 
The spectra benzene, propionaldehyde, benzaldebyde, pbenylacetal- 
dehyde, and hydrocinnamaldehyde were investigated. The introduction 

the aldehyde group into benzene profoundly modified the absorption 
ol benzene- The separation of the CHO group from the benzene ring 
by a CH 2 group as found in phenylacetaldehyde resulted in modi- 
fieaticm of tlm benzene absorption, and the introduction of two CHj 
groups resulted in a spectrum in which the absorption due to the ring 
was practically identical with that of benzene. Simultaneous with the 
above changes, there were alteratioirs in the absorption of the CHO 
group as found in propionaldehyde; in hydrocinnamaldehyde the car- 
bcmyl absorption was identical with that of propionaldehyde. The 
absorption spectrum of hydrocinnamaldehyde was the same as that of 
an equimolal mixture of benzene and propionaldehyde. It appears from 
these data that interaction effects are completely eliminated between 
the carbonyl and phen^ groups when these groups are separated by two 
methyienea 

Smakula ** has summarized the results of an extended investigation 
by Haussrar, Kuhn, et al. of the absorption characteristics of compounds 
ecmtaiiiing conjugated chains. The compounds studied did not show 
large resonance effects because of thrir structures. The classic example 
ci the ^ect of inoreasng the length of the conjugated chain is given in 
1%. 14 for the diphenyipolyeires. In the series, the number of double 
btm^ was varied ccmtinoously from one to seven. 

The pootions 4f the absorption maxima move progressively to longer 
wavrien^hs as tiie number of double bonds in the molecule increases. 
Lewis and Calvin have found a linear relationehip between the square 
of the wavdengtim of maximum absorption and the number of double 

Che»^ ». » (noB)- 

** KUMdnwd^, Am. Chem. Soe.. M. 1718 (1882). 

Anttm. Chtm., 47. «87 (1834). 
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bonds in tbe ebain. Thdr plot for this is giTon in Fig. 15. HieY 
{dain this iiiwaiity by assuming that the vibrating OaO grouiMi, al- 



though retaining their identity in tbe chain, interact to behave as a ain^ 
oBcaiator -which obeys the equation of an hannonic oadllat»r. ^ 
The molecular absorption ooeffident, e, is defined by 1/h - 10 , 

where lo ia the incident and / the transmitted h^t, e » the mola* 





wmmc csmsmmY 


%m^ 

Slid d Imgtii jiath m the absoiyi^ meffiuin. F<» 
idle {W^bitui^ the cot&dmia depend on the numb^ of double bcmds, 
eeeh bwd b^ving as thoo^ in^pendent of the othets; the c of a 
con^XHiod is therdbre about equal to that for idie bomolog with one 
<hmble bcmd multiplied the number of double bonds. This is shown 
in Fig. 14. 

'Vl^tt ^ formulated the first theory of color. He stated that a dye 
must have one or more groups called chromophores, vdiich are im- 



Fia. 18. — Plot of the square of the wavelength against the number of units of the 

polyenic chain. 

saturated groups lowing absorption in the ultra-violet or near ultra- 
violet. Examples of well-known chromophores are C==C, N=N, O—O, 

O 

/ 

N»=0, and combinations of these linkages, e.g., N=0. In simple mol- 
it has bem posable to aaogn apprommate absorption regions to 
the various Abrnmoplm rie gioups; for example, in aliphatic ketones and 
afalehydes the carbonyl group abMrbs in the re^n 2600-3000 A, and 
the nitio group in nitiomsthane abeorbe at about 3600 A. In addition 
to the cfaromophares, s molecule might have other groups called ouro- 
thromes, which, thou|^ showing no abeorption in the visible part of 
tiae hacve the power of greatly enhamung the color of a cfaromo- 

{jhfltoheeriug mbetaaoe. It is now reoc^ttiaed that the function the 

«» in**, jSir.. ♦. «2 («»«): ti. aai cwM). 
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auxoduomes is to uicrease the leson&nce of molecules; examples of sueii 
groups are OH and NHj. 

Bury applied the theory of r^onance to the fact that certain com- 
pounds show much deeper color than would be expected from thmr 
chromophores. As an example he cites Dobner’s violet, which exhibits 
a high degree of resonance because of the existence of two equivalent 
structures 



This compound therefore has a much deeper color than would be ex- 
pected from the non-chromophoric NH2 group and the three phenyl 
groups which absorb in the ultra-violet. The compound p-aminotri- 
phenylmethane hydrochloride is colorless, and examination will show 
that no resonating structures of equal energy are possible. The intro- 
duction of the non-chromophoric NH2 group, which is an auxochrome 
in Witt’s terminology, into one of the unsubstituted phenyls introduces 
resonance, and the deep violet color of the dye results. Similarly, the 
introduction of the non-chromophoric OH group into the colorless 
sodium p-hydroxytriphenylmethane promotes resonance between the 
structures 



and the resulting product, benzaurin, is a dye. 

The cyanine dyes, extensively studied by Brooker and co-workers 
and by Fisher, Hamer, et al.,^ are intensely colored substances exhibit- 
ing a high degree of resonance. These dyes have the general structure 

R_N==G_(0=C),— N— R R— N— (C=C)»— C==N— R 

I I 

Lewis and Calvin have plotted the absorption maxima for the seiies 
dyes 



(a) Brooker and Eejm. J. Am. Ckem. Soe., B9, 74 (1037) ; (b) BtOoker and Smith, 
ibid., M, 67 (1037) j (e) Brooto, Spracue, Smyth, and I^wis, ibid., 6^ 1116 (1040). 

WFiaher and Hamer, Proe. Bou- 80 c, (Jjondon), A184. 703 (1036) ; Beilenaoa, FiahiB, 
and Hamer, ibid,, A16S, 138 (1037). 
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the coBiber vi doable bonds in the diwn, as afaomi in 1%. Id. 
Bnear rdationsMp between the absorption maarimiiTn and the mun* 
b«ff of doaUe bonds in the chain u striking. This is wcplained by Lewis 
and Calvin by aawiming that the hi^ degree of resonance causes the 



Eto. ia.*~Flot of wsTolangth against the numbo' of double bonds between the two 
nitrogen atoms for a series of carbocyanincs. 

deotTons in the chain system to be uniformly distributed so that the 
syst^ behaves as an elastic string, where the vibration fiequen <7 is 
inv^sely propmlional to the length of the string. 

A. direct attack oa. the i»obIem of the relationship between resonance 
and light absorptum has been made by Brooker, Sprague, Bm}rth, and 
Lewis, “*• who compared the absorptions of the vinylene homologous 
smes of thiac^^ine dyes, I (n >= 0, 1, 2), with those of the basM, 
IZ (ft » 0, I, 2), wittdi are derived from tJm dyes. The absorption 
q;iecti» of t^ dyes aiui their bases <Mer in several important re- 
hk «a^ case the base absmrba at ah<»ter waveleuHtth than the 
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Et 
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(a) 


,G— (CH=CH),— CH= 




Et 


w 


cyanine with the same chain length, and the difference in Xn,ax. Iretween 
the base and the cyanine increases with the number of conjugated 
double bonds. In the cyanine series, the value of the molecular absorp- 
tion coefficient, tma., increases continuously as the series is ascended, 
but the values of are very close together for the bases and are much 
lower than those for the corresponding cyanines. ^ 

The fact that the absorption spectra of a cyanine and of its base of 
the ch^ length are very different provides a further demonstrar 
tion that the presence of conjugation is insufficient to define the absorp* 


tion of a compound. 

The cyaninffi each have two identical resonance configurationB, lo 
and lb, giving rf»orption curves whidi rise, in the first few manbers, 
a hi^ value of emu., and which mo widely separated mth respect 


S’ S’ 
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wavd an g th . On the other hand, it b not posable to devise two idniticai 
reeoDance oonfi^izstians for the bases II. Ibere is, however, a coiain 
pcobafaility for the dipolar formula lib, and resonance between IIo and 
Hb has beat suggested by Biookerd oZ. In Ilb the quaternary ititrogen 
atom is normal, but the >N~ in the benxothiasole nucleus is not hkely 
to be veiy stable, and the actual state of the molecule tends to approach 
Ho, with a corresponding loss of resonance. In view of the fundamental 
assumption concerning resonance and color, the bases II are therefore 
lees deeply colored than the very highly resonating cyanines. 

It was further argued by Brooker a al. that, if >N~ is a point of 
ingtability in Ilb, the stability of tiie conjugated system should be 
increased by replacing the bensothiazole nucleus by one in which >N~ 
is more stable. For this purpose, an indole nucleus was chosen, since 
indoles with hydrogen attached to nitrogen characteristically yield po- 
tassium derivatives, and hence show a strong tendency to form nega- 
tively charged indolyl ions in which >N~ is stable. 

In direct support of the deductions of these investigators, the base 
III was found to be actually more deeply colored than its methiodide, 


in 



Et 

(a) 



Et 

(») 


IV. Hus result was ascribed to a combination of two distinct, although 
rdated, factors. The first is that III resonates relatively strongly, 
owing to the stid^ty of >N~ in Illb, and the second is that IV is 
idmonmally light in C(^. This latter fact is e^lained on the basis that 
the indole nucbus is less baric than the bensothiazole nucleus and hence 
that IVa is less than IVb. There is a tendency toward IVb aocom- 
{Moded resonance, and the tbrasfore absorbs at shorter 

wavelengths Wm would be eiqiected. It was danonstrated by the 

that the presenoe of the indole nucleus 
nlnoa war 4ilScient to confer deep color. Confirmation of the argu* 
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ments ■was provided by a comparison of the d^iole mranento. The 
structures postulated to have dipole modifications were found to have 
moments definitely greater than those calculated from tiie 
formulas. 



Many additional examples of resonance are known and have been 
discussed. At the present time there appears to be no strong argument 
against the general concept as applied to the theory of color, although 
there have been other approaches to the problem. Burawoy*®* has 
attempted to classify cbromophoric groups and absorption bands into 
two types. These are the R (radical) chromophores, which are due to 
double bonds and occur in simple ojmpounds like acetone and nitro- 
methane, and the K (conjugation) chromophores, which are sensitive to 
pxfiar groups such as NHa and OH. Burawoy explains the behavior of 
th^ types on the basis of electron isomerism, in which double bonds 
may open to give qtiasi free radicals. He differentiates between the 
effect of electron isomerism and resonance, stating that there is no con- 
nection between them. Burawoy’s facts and argiunents do not appear 
strong enough to merit preference over the resonance approach to the 
problem. 

The intense color of the tiiarylmethyl free radicals was first investi- 
gated by Meyer and Wieland.*® The color of these compounds cannot 
be expliuned on the simple resonance concept. Lewis and Calvin have 
suggested that the presence of the odd electron in tiie free radicals pro- 
duces a very mobile electron cloud which easily interacts with the inci- 
dent li^t. 

•** Bunwoy, J. Chem. Soe., 1177 (1039). 

“ Mtyw and V^dand, Btr., *4, 2667 (1911). 
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w has pubhdbed a series ef papwo on the abscoiitioa 
speetta chT aioistf^ ocm^wimds and has p(wted out certam lekrioa^pe 
betwe^ the nature oi the absorption l»nd and other physical prcpertiea 
{Rich as the dipole moment. Attempts to resolve the absorption qteotra 
ctf organic compounds mto additive and constitutive components have 
not proved successful.'** This is tmdoubtedly due to tlm as yet un- 
snalysed contributions of the puts of the molecules to their resonance. 
Until this analysis is made, it does not appear to be possible to s^r^te 
the ^mts of individual groui^ upon the integrated spectrum. 

The use of absorption spectra has in some oases been of value in 
studying the structures of compounds. Such studies have been made, 
particulariy by Hantzsch, with aoetoacetic ^ter and have established 
the »istence of its tautomers. Similarly, the spectra of certain deriva- 
tives of phlorogluciaol have ^ven direct evidence for the hydroxy and 
keto fomffl of this compound. 

The practical value of absorption measurements is well known to 
the worker in the field of natural products. When complex compounds 
are being investigated, the absorption spectrum is frequently one of the 
few properties used for identification. This is illustrated by studies of 
pyrrole pigments by Stem, Wenderlein, and Molvig,** 

IHBRMODTirAMIC PROPERTIES OP ORGARIC COHPOURDS 

For the organic chemist, the most useful function of thermodynamics 
is the prediction of the course and extent of chemical reactions. When 
the tequired thermal properties of reacting substances and of their 
products are known, it is possible to calculate to what extent a reaction 
will proceed. However, the fact that a reaction is energetically po^ble 
does not insure that it will go under normal conditions, since thermo- 
dynamics can give no information as to its rate. For example, calcula- 
t^Ds show that the reaction of bydrt^n and oxygen to form water will 
come to equilibrium when the gases are present in less than 1 part in 
10’*’; bowev&r, at lomn temperature the gases do not react at a measur- 
able rate unless they are irradiated with ultni-violet light or are in 
, eoaotaet with a siutable catalyst 

The thermodynamic method is empirieal in the sense that it is based 
Upmi certain alhitrary definitions and upon tlw experimentally jKroved 
infalhhility of the so-called first, second, and third laws. By mathe- 

Z, phyttk. Chem., BSS, ISS (1934); BM, 333 (1033). 

VTeU and etiMroricm, ibid., BU, 201 (1081) ; BU. 8S0 (1033). 

uul MoMc AXW, SS7 (1034); AlTi, 81 (1036): Ain. 40 
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matieal finalyaes the defined functions ccnudstent with the observ&noe 
etf the three laws, certain relationshi^n between experimentally deter- 
minable quantities are derived. The three most important thennody- 
namie quantities are the free energy, F, the heat content, H, and the 
^troi^, S. 

Though F, H, and S are mathematically defined and are not de- 
pendent for defimtion upon any restricted physical process, they can 
be measured by certain processes and can be loosely interpreted in 
terms of such processes. For practical use, the chemist is interested 
chiefly in the change in free energy, AF, which accompanies a reaction; 
this is obtained by subtracting the sum of the free energy contents, 
F 3 , F 4 , etc., of the products from that of the reactants, Fj, F 2 , etc.; 
i.e., AF = Fi + F 2 — F 3 — F 4 . The change in heat content, AH, 
and the change in entropy, AS, are similarly obtained from the heat 
contents and entropies of the reactants and products. 

The equation used in determining the extent of a reaction is 

1 IT AF 
2.3RT 

where R is the gas constant, T the absolute temperature, and K the 
equilibrium constant. If fC = 1, the reactants and products of a reac- 
tion ri. -f- F C -f D will be in equilibrium when the reaction has 
proceeded 60 per cent. If K = 100, the reaction reaches equilibrium 
when it is about 90 per cent complete, and if X is 0.01 the reaction will 
go about 10 per cent to completion. At room temperature, log K = 
— AF/1400 (approximately); consequently, if AF is less than —4200, 
log K is greater them 3 and K is greater ^an 1000. The reaction may 
therefore be considered to go to completion. If AF is greater than 
+4200, the reaction will stop when less than 1 per cent completed, pro- 
vided that the equilibrium is not disturbed by precipitation, evapora- 
tion, etc. 

The entropy of a substance may be very loosely considered to be a 
measure of the randomness of arrangement of its molecules in space. 
At absolute zero, where all intenuolecular forces are zero and the ar- 
rangement of molecules is perfect, the entropy is zero. With increaring 
temperature, the molecules acquire thermal agitation and take on pro- 
gresavely k *8 perfect arrangements, and the entropy rises. In the 
transition from the solid to the liquid state, there is an abrupt loss of 
order and the entropy increases markedly; and upon vaporization to 
give a more or less completely random arrangement of molecules, the 
entropy increases again. Trouton’s rule states tibat for non-associated 
liquids the latent heat of vapoiizatkm, Q, divided by the absedute tan- 
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is a constant, approximately 23. 1108 is simply a statement 
that ^ mitropy ef vaporiaalicn, 8 « Q/T, is constant for saoh liquids. 

The dmnge of heat content, AH, aooompan^ng a reaction is equal 
to the heat of the reaction at constant pressure. This quantity is fre- 
. qumitiy used in «Jculating changes in free energy. It is also of impor- 
tanoe in calculating the equilibrhun constant for a reaction at a ipven 
tempmatuie from that found at another temperature. The equation is 

dlaK 
dT “ RT* 

The free energy changes for reactions may be calculated from the 
equation AF » AH — TA5, and AH and AS may be determined from 
tixermochemical data. The heat content, H, for a substance at tem- 
perature T is equal to the heat capacity, Cp, measured at constant 
pressiire and integrated from al^lute zero to T. The entropy, S, is 
equal to the quotient Cp/T integrated from zero to T. It is not easy 
to measure the heat capacities of substances at very low temperatures, 
but some syst^natic investigations of organic compounds have been 
made. 

The thermodynamic properties of organic compounds have been 
discussed in detail in a number of publications. From measurements of 
the heat capacities of certain organic compounds and of their elements 
over a wide range of temperatures, Parks and Huffman have calcu- 
lated entropies and heat contents. These values, in conjunction with 
measured heats of reaction, have permitted the calculation of the free 
energies of formation of the compounds from their elements. 

Parks and Huffman found that the entropies of the members of 
certain homologous series, e.g., the n-hydrocarbons, increase linearly as 
the series is ascended. The free energies of formation, AF, do not form 
a regular series, although variations are in tire same direction and of 
the same order of magnitude. When alkyl groups ore substituted for 
hydrogen in a »-hydrocarbon, the entropy of the branched-chain com- 
pound is less than that of the normal compound having the same num- 
bw of carbon atoms. The formula 8399 *= 25.0 -b 7. In — 4.5r, where 
Swg is the entropy at 25** C., n is the number of carbon atoms in the 
compound, and r is the numbo- of branched chains (aliyl) in the mol- 
ecule, fits the data for a number of isomeric pentanes, heptanes, and 
octaaea satisfactorily. The beats of formation mid free energies of 
formathm at 25' C. vary in like manner with the introduction of side 
chains into the n^ydrocarbons; AHsgg is lower for the branched-chmn 

*** <«} Fariw lud Hufouut. "Frw EnergiM oi Bonw O(g»aio Compounds,” Am. Cham. 
Sm. iiaaotetfih Sotica No. SO, Cbamieal Cstaloa Co., Now York (1082) ; (S>) Sotsiiil,/. 
B m mvk AToft Bttr. SUmdardt, U, 81. 180 (1084). 
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compounds, and AF jgg is higher. The heats of formation and free enei>> 
gies of formation of unsaturated hydrocarbons are greater than those <rf 
the corresponding saturated compounds; the difference decreae as the 
unsaturation become buried in the molecule. 

Three general equations have been given for the entropies of »-hydro- 
carbons in the liquid, gaseous, and solid states at 25® C. 

Sits (Uquid) = 25.0 + 7.7n 
(gas) = 34.0 + lO.On 
Saw (solid) = 18.0 + 5.8n 

In these equations, n is the number of carbon atoms in the molecule. 
Parks and Huffman have considered organic compounds as derivatives 
of the hydrocarbons, and have prepared a list of substitution factors 
which, when added to the entropy values for the parent hydrocarbons, 
give corresponding entropies for the compounds. Their substitution 
factors are given in Table XXXIII. In this table substitution factors 

TABLE XXXIII 


MoLiAI. Entkopy and Free ErrEROT Factors 


Structural Modifications 

Change 

in Molal Entropy 

Change 
in AFms 

Solid 

Liquid 

Gas 

Addition of CHj in chain 

5 8 

7.7 



Substitution of CHj for H (chain). . . . 

5 0 

3 2 

■OB 


CiHt for H (chain) . . 


10.9 



CHj for H (ring) 

5.8 

7.7 


.... 

C|Ht for H (ring) ... . 

11.6 

15 4 


1,100 

CsHj forH 

17 0 

19 6 


36,000 

Cyclohexyl for H. . . . 


26.6 


13,000 

Conversion C — C to C=C 

-2.7 

-2.7 

-2.7 

20,000 

Sub. OH for H (primary alcohol) ... . 

0 

-1.6 

13.0 

-34,000 

(secondary alcohol) 

0.6 

Bil 

9.0 

-37,000 

(tertiary alcohol) 

0.6 

HI 


-41,000 

(phenol) 

0 

0 


-41,000 

Sub. of — 0 — to form ether 



8.0 

-20,000 

Sub. erf =0 for 2H (aldehyde) 




-23,000 

■=0 for 2H (ketone) 


Bi8 

6.0 

-30,000 

00|H for H (add) 

5.8 

7.7 


-83,200 

NHi (amine) 

mSm 




6,000 

NO* (nitro compd.) 


8.0 

.... 

7,000 

a 


■fil 

9.0 


Br 

7.5 

HI 

11.6 

4,500 

I 

0.0 

11.0 

14.0 

10,000 
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1mr» be^ giveo for ^ adid, Hquld, and gaseous states. Xn comparing 
tbennodsmamic data to detemune the ^ect of additive and oonstitu* 
tive factors, more oonristent results are to be expected when tiie data 
ai^y to the gaseous state; this k because int^rmoleoular forces are 
idmoet otHupk^y absent in the gaa 

The thermodynamic data for some aliphatic and aromatic faydro- 
oaihons have summarized by Rossini,"^ Ktzer,“* Aston, “* and 
Parks.** 

Conant and Thompson ** have studied the equilibria between enol 
and keto forms of aoetoacetio ester and acetylacetone and some of their 
derivatives. The equilibria were determined for the gaseous phase in 
order to diminate ^ects due to intermolecular forces, and free energy 
changes were calculated from the data. The results show that thme is 
a relaticmdiip between the structure of a compound and the free energy 
of eoolization in the gaseous state; because of solvent effects, this rela- 
riondiip k obscured when the equilibria are measured in the liquid 
state. It was found that replacement of a hydrogen of the central car- 
bon atom by a primary alkyl ^oup increased AP by 1 kcal., and by a 
secondary alkyl group by about 1.5 kcal. Substitution of a phenyl group 
was found to decrease AF by 0.7 kcal., thus increasing enolization as 
contrasted with the effect of other eaibetituents which decreased the 
tendency to enolize. From the fact that the enol-keto equilibria were 
not greatly affected by tranperature, it may be concluded that AH of 
enolization k smalL 

The study of the thermodynamic properties of org^c compounds 
has led to v^ues for the free energies, entropies, and heat contents of 
a number of substances, but the greatest amount of data has been the 
result of measurements of beats of combustion. These data are ex- 
pressed as the mimber of calories evolved or absorbed when an organic 
compound reacts with oxygen to give CO 2 , H 20 , NO 2 , etc. 

Kharasch ** has compiled and evaluated the available combustion 
data on organic compounds and has developed a method of cfdculating 
the heats of combustion of liquid substances. Hk formula k Q » 
26.0Sn + C, where Q k the heat of omnbustion, 26.05 the net amount 
of eaepgy diange per mole election, n the number cA valence electrons, 
and C a consttmt characteristic of the election linkage. The values of 
the ooDstant C few some linkages aro given in Table XXXIY. 

Chen. Set., tl, I » 

» TiUer, *wl., ZT, 39 (1940). . 

«*yvka, a>id.t ZT, 76 (1910). 

M^Oenaitt aaO 'ntoupMH, J. An. Chtm. Soe., Si, 4039 (1939). 

*** SfarnMN^ Mvr. Shuidard* J. Seute<A, Z, 369 (1929). 
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TABLE XXXIV 

VaIiTTIS OT TH* CoMBTAMT C KMl CaLCCLlATINO Hbatb of ColtVOBnOH 


Coupling 

C 

Coupling 

C 

Aromatic to aliphatio 

-3.6 

Aromatic to aromatic 

-6.6 

Double bond 


Triple bond, one H 

I-46.1 

aliphatic, at 

16.5 

no H 

33.1 

aliphatio, tram. 

13.0 

Primary alcohol 

13.0 

aromatic to aliphatic 

-6.6 

Secondary alcohol 

6.6 

in ring 

+6.6 

Tertiary alcohol 

3.6 

Aldehyde (RCHO) 

13.0 

Phrool 

3.6 

Ketone (RCX)R) 

6.6 

Ester (RCOiR) 

16.6 


When the heats of formation of the products of a reaction are known, 
the measurement of the heat of reaction provides a means of calculating 
the heats of formation of the initial substances. In order to make such 
calculations for organic compounds, it is necessary to know the heats of 
formation of the carbon compoimds in the reaction products. The ab- 
solute values of the heats of formation of carbon compounds depend 
upon the heat of sublimation of carbon, which has not yet been accu- 
rately determined. However, by making reasonable assumptions it is 
possible to construct a set of figures for heats of formation which can 
later be readily converted to their true values when an accurate figure 
for the heat of sublimation of carbon has been obtained. Such a set of 
heats of formation is internally consistent and is reliable for making 
comparisons between compounds. From such a set it is possible to 
calculate empirical bond energies, that is, the amounts of energy neces- 
saiy to break the various chemical bonds. 

The energies of a number of bonds in inorganic compoimds have been 
directly determined by thermochemical and spectroscopic methods. 
Starting with these as a bads, Pauling ** has calculated the energies of 
a number of bonds involving carbon. He assumed that the total energy 
content of a molecule could be determined by adding the ener^es of its 
individual bonds. This assumption of additivity of bond ener^es has 
proved to be justified as a first approximation. 

Rossini has studied the heats of formation of normal aliphatic 
hydrocarbons and has discussed the energies of the bonds in these com- 
pounds. He points out that there are several types of C — (and C — C) 
linkages, depending upon their position in the molecules, and that their 
energies are not identical. For example, to split the first hydrogen from 
methane requires a different amount of energy from that required to 
remove the last. This shows that the bond ener^es d^)ead not only on 

»u /. Am. Chem. Soc., M, 3670 (1TO2). 
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the nBtoe oi the atoms which are linked directly by the bonds in ques* 
t^on but also on the rest of the molecule. However, these effects are 
usually soudl, and it would be very difficult to take them into account 
in a general way. The classical procedure in deriving bond energies, 
i.e., to evaluate average values for all like bonds, has therefore been 
used by Pauling.^*’ Some of his values are given in Table XXXV. 


TABLE XXXV 

EnBBOT VAI.ITXB FOB COTAUDMT BONDS 



Bond Energy 


Bond Energy 

Bond 

koal./inole 

Bond 

kcal./mole 

H— H 

103.4 

c-a 

66.6 

O-C 

58.6 

C— Br 

64.0 

N— N 

23.6 

(3—1 

46. 5 

0-0 

34.9 

(3=C 

100 

&-S 

63.8 

O^KsO 




Formaldehyde 

142 

C— H 

87.3 

Other 




aldebydee 

140 

N— H 

88.7 





Ketones 

162 

0— H 

110.2 



8— H 

87.5 

0=N 

94 

O-N 

48.6 

(3=«=8 

103 

C-O 

70.0 

CfeC 

123 

C-S 

64.6 


160 


The assumption of additivity of bond energies has been found by 
empirical test to be justified in most cases, and values for heats of for- 
noation obtained by adding the bond energies agree with the experi- 
mental figures within a few kilocalories. Superimposed on this addi- 
tivity are the effects of the remainder of the molecules, which have been 
eztensivdy stiidied in recent years. 

Pauling and Shmnan *** have empirically determined the stabilizing 
ener^es contributed by resonance to a number of organic compounds. 
Tb^ compared the observed eneigies of formation with those empiri- 
cally calculated on the assumption of additivity of bond energi^; fof 
titoae molecidee in which resonance was expected from oth^ considerar 
tioDS, the observed enerries ofjormation were greater than the calcu- 
lated. The diffmmce in the two values for a given compound was con- 
odered to be the resonance energy. 

The resonance enei^ies for a few compounds, taken from Pauling,*"* 
aie givm in Tid>le XXXVI. 

tM i^tding wul awNMa, /. Chtm. 1. flOe (1933). 
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TABLE XXXVI 


BuoMiLNCB Enbbgiks OF Oboanic Coufoumds 


Substaaoe 

Beniene 

Naphthaleiie 

Anthracene 

Fhenanthrene 

Biphenyl 

Stilbene 

Pyridine 

iSrojle 

Furan 


Resonance Energy 
kcal./inole 
39 
76 
106 
no 
8* 

15* 

43 

31 

23 

* In ezoess of that for 


Substance 

Thiophoie 

Adds 

Esters 

Amides 

Urea 

Phenol 

Phenyl cyanide 
Carbon monoxide 
Carbon dioxide 

bamne rincs. 


Resonance Enegar 
IccaL/mole 
31 
28 
24 
21 
37 
7* 

6* 

68 

33 


Bent and co-workers have made a study of the equilibria between 
sodium and various triarylmethyl radicals and have calculated the 
strength of the C — C bond in hexaarylethanes. Bent and Ebers*** 
conclude that, in dixanthyls, the C — C bond is weakened by about 
16 kcal.; this they attribute to a combination of steric and resonance 
effects. From studies of heats of reactions, Bent, Cuthbertson, et al.,^ 
conclude that the C — C bond in hexaphenylethane is about 30 kcal. 
weaker than a normal C — C bond, and that this is due about equally to 
the weakening of the C — C bond in the ethane and to the stabilizing 
effect of the resonance energy of triphenylmethyl. 

A series of accurate measurements of the heats of hydrogenation of 
some unsaturated organic compounds has been made by Kistiakowsky, 
Vaughan, et al. The results of the investigations have been summarized 
by Conant and Kistiakowsky.*^ 

The heat of hydrogenation of ethylene is 32.8 kcal./mole. Substi- 
tution of the hydrogen atoms by ^kyl groups was found to lower the 
heat of hydrogenation progressively until for tetramethylethylene 
AH «= 26.9 kcal. The effect of substitution is not additive, each suc- 
ceeding substituent having less effect than the preceding, and is inde- 
pendent of the chain length of the normal alkyl radical substituted. 
cts-Butene-2 has a heat of hydrogenation of 28.6 kcal., while that for 
fron«-butene-2 is 27.6 kcal.; the value for cyclohexane is the same as 
that for ct8-butene-2. 

The heats of hydrogenation of the first bonds of a number of com- 
pounds containing multiple double bonds have been determined and the 

**• Beat and Eben, /. Am. Chan. Sec., S7 , 1243 (1035). 

Bent, CuthbMtaon, «< al., ibid., 88, 166, 170 (1036). 

Conant and Kistiakowsky, Chem. Rei., 88, 181 (1987). 
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data axtaljraed. Hie heat ^ect is greatest for 1,4-additioDi, thrae bdng 
an exaltation of 2 to 3 kcaL due to o(«tiugation ; substatutiou (oi a terminal 
eatixm atom of buta(&De-l,3 has about the same effect as substitution 
m. ethyloDe. Wh^ addition k in the l,2>pomtion, the effect of the 
second doul^ bond in butadiene-1,3 is Rimilur to that of an alityl group 
<ai ethylene. When one mole of hydrogen is added to an unconjug^ted 
diene, AH is only slightly higher than that for the hydrogenation of 
propylene. 

In Table XXXVII, taken from Conant and Kistiakowsky, are given 
the heats of reaction and free energy changes accompanying some hydro- 

TABLE XXXVII 

VA 1 .UXS or roB thb AnomoN or Om Mout or Htbboobm at 298* K 
roB Some Unbatobatsd Htsbocabbonb 

(Gaseous state) 


Compound 

1 

Adden- 

dum 

Product 

298“ K. 

AH 

-TAS» 

£jrt 


H, 

cat, 

-32.6 

8.2 

-24.4 

CH«CEt«=CH, 

H, 

CHKJHd^Hi 

-29.0 

8.0 

-21.0 

CHiGH^>°CHCHi (CM) 

H, 

CHiCHiCHiCH, 

-28.2 

8.0 

-19.4 

CHi CH. 






\ / 






O-C 

H, 

(CH»),CHCE(CH,>, 

-26.4 

8.9 

-17.6 

/ \ 






CUt Oug 







H, 

CfHgCHfCHi 

-28.3 

8.9 


CHr=CH— CH=CT, 

H, 

CH|CH»CHCH, (trans) 

-29.2 

8.9 


CB=CH— CH==CH 

H, 

CH| 

-26.6 

8.8 


1 raSiGH, — 1 


1 1 

CHfCHfOBg 




QQanOH CH=^H 

] 1 

H, 

aa==CH— CHr— CH, 

-23.7 

8.8 

-14.8 

1 1 

H. 

CELg— CHt*— 

-11.4 

8.9 

- 2.6 

1 0 ^ 


1 0 1 




C.H* 

H. 

a: 

6.8 

1 

7.8 

13.6 


genatimi leactimis. The free energy of the reactions determine if the 
reaction as wdttmi trill proceed; if AF is about —4 kcal., the reaction 
l^oea 22 per cent to oon^letion at equilibrium; if AF is +4 kcal., only 
t per cent of the product k formed. 













cxjNsrrnmoN and rsmcAL i>boferti£b ise® 

With the exoeptioQ of furaa and benzene, all the unsatorated eom- 
pounds given in Table XXXVII hydrogenate completely. The first 
double bond of benzene does not hydrogenate completely under normal 
conditions of temperature and pressure, ^ce the equilibrium is very 
much in favor of the reactants; under the same conditions, the adchtion 
of hydrogen to cyclohexadiene can proceed to completion. Cyclohexa- 
diene cannot be obtained by the direct hydrogenation of benzene, sinoe 
the conditions under ■which the first mole of hydrogen adds favor ihe 
complete addition of the second and third moles. Furan behaves like 
benzene. 

It is possible to calculate the thermodjmamic properties of simple 
compounds from spectroscopic data. Such calculations have been made 
for some organic compoimds, and the results agree with those obtained 
by means of direct thermochemical measurements. Examples of such 
calculations for methane derivatives are given by Stevenson and 
Beach, and for hydrocarbons by Pitzer and Aston.“* From such 
derived data, equilibrium constante for reactions involving hydrocai^ 
bons, e.g., splitting or cracking reactions, can be computed; such com- 
putations are of value, inasmuch as the direct measurements of gaseous 
equilibria involving mixtures of hydrocarbons are extremely difficult. 
Examples of constants so calculated by Pitzer are ^ven in Table 
XXXVIII. 

TABLE XXXVni 


EquruBBiUH Conbtaktb iob Htdbocabboii RsAcnoNB 


Reaction 

n-CiHio iso-QHio 
CtH» — C*H| + H» 

CiHg - CH 4 + C*H4 

+ j “ CjH^ + ii-Cb — »H*« _ s 
(n>7) 

(CH,>*CCH,CH(CH,), - + 

wo-CtHt 

w-CtHm - (CH,)tCHCH,CHjCHK3H, 
w-CtHw - (CH»),CCHiCH,CH, 
w-CtHib » (CsHb) 3CH 

- (CH|)iCCH(CH,)i 


Kftt 

Kvn 

Xjooo 

2.5 

0.7 

0.4 

1.3 X 10-“ 

1.7 X 10-* 

5 

7 X 10-® 

1.0 

6 X 10* 

3 X 10-“ 

0.09 

170 

9 X 10-® 

7 

6 X Itf 

7 

1.6 

1.0 

29 

0.7 

0.2 

1.1 

0.4 

0.3 

10 

0.4 

0.1 


nnlrailntifiTm of thermodynamic quantities from specfaroeoopic data 
have recently afforded a measure of the potential energy hindering free 
rotation in single C— C bonds. The results for a number of compoua^ 
as summarized by Aston, are given in Table XXXIX. 

*** Stovwuon And BMdb* PhyB.t 6, 26, lOB, 841 

PItser, ibid., f, 460 (1037). 
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TABLE XXXIX 

PonwixAU Bdohduno Intsbhal Botatioh in Gbictaim Conpoukss as 
Ascbbtainxd raoM Low-Timpbeatom Thbbnax. Data 


Foteatiala 


Compoond oskniM 

Methyl ^cohd MOO 

Tetramethylmetluae 4SOO 
Bthsae 31S0 

Methylamine 3000 

FTopsBe 3300 


Potmtisk 


Compotmd calories 
Ethyl alcohol 3000 

Isopropyl alcohol 3400 

6000 

Acetone 1000 

Dimethylamine 3460 

Dimethylacetylene 0 


Ackoovledgmeat: Part of the material in this chapter was taken 
from the corresponding chapter of the first edition of this work. The 
authors are indebted to Professor Wallace R. Erode for permission to 
use this matter. 
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THE REDISTEIBimON BEACnON 
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It is pointed out elsewhere (p. 1072) by Adkins tiiat *<there are few, 
if any, rample equilibria among oiganic reactions.” This unquesticsied 
fact epitonuiies the fundamental complexity of the usual OTganio chemi- 
cal processes, their irreversibility and confusion of side reactions: all, no 
doubt, a consequence of the fact that the bonds involved are as a rule 
largely covalent in type, and their dissociation tends to result in the 
formation of unstable, reactive radicals or molecular fragments. 

Despite this general rule, it has recently been found that there does 
exist a very simple type of organic equilibrium, which occurs in several 
different classes of compoimds at least, and which is amenable to experi- 
mental study. The process leading to this equilibiiiim has been termed 
the “redistribution reaction.” Although only a limited amount of work 
has been done, the results are sufficient to point out unusual oppor- 
tunities for investigation of the behavior of the covalent bond and the 
mechanism of organic reactions in the liquid phase. 

metathehcal seactions and their equilibria 

In the organic field, there axe a relatively small number of examples 
of equilibrium reactions of the general type symbolized by: 

AY + BZ ^ AZ -i- BY (1) 

These metethetical reactions are commonplace in inorganic chemistry, 
where ionizing solvents bring about the dissociation of electrovalent 
salts into their ions. For the covalent bonds in organic compounds, 
this does not take place so readily and the presence of an inorganic 
reagent or catalyst is usually required to open up the IxMid. In the 
esterification and neutralization of organic acids, which axe perhaps the 
most familiar examples of the above type of metathesis in organic chem- 
istry, an ionic mechanism is also involved, but this is not necessarily so 
in other reactions. 

The metathesis is possible only when the components, A, B, Y, and 
Z, if not atoms, are radicals which retmn^^ir structure and identity, 
after recombination. In this respect, tb^Vetathetical reactions differ 
basically from intramolecular rearrangements such as tautomerism, 
racemization, and ds-trans isomerization. Such rearrangements invrdve 
a more profound change in the molecular architecture rinoe two sepa- 
rate chemical bonds in each molecule are simultaneously ilivcdved in 
the rearrangement. 
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Abo, A, B, F, and Z ixanpcments, if not ionised, at bast retain 
8G#emt polarity during die interohai:^ to {nevent die f<»ination ctf 
li» possible AA, AB, BB, YY, YZ, and ZZ omnpounds; that is, there 
is Uttle or no ride reaotion. 

As a result, imder favcnrable reaotion conditions (including if neces- 
sary the jHesraice of a catalyst) an equilibrium can be reached, as indi- 
cate in equaticoi 1. Often, the eqt^brium is so far to one side as to 
be caitirriy unobserved in practice, but there remain a number of them 
vrbioh can be measured, and establiriied by an approach from both 
sides. In most of these, the equilibrium position lies on one ride or the 
other of that “mid-point” at which both the forward and the reverse 
reactions have the same unit velocity. Finally, in most of the few 
remaining instances where the equilibrium (at some particular tem- 
perature) is just at this mid-point, it is known that a change in the 
temperature will displace it in one direction or the other. As a general 
rule, the numerical value of the equilibrium constant and its tempera- 
ture coefficient cannot be predicted, even from thermodynamic data, 
with any d^^ of assurance, if at aU. 

In most of the familiar metatheses, two different pairs of atoms are 
present in the bonds involved — ^in esterifications, for example, C — 0 
and O — boitds are formed and broken — and this facilitates the dis- 
placement of the equilibrium in one direction. On the other hand, when 
all the bonds broken are between the same atom pairs, the difference 
between the radicals A and B, and between Y and Z, is not manifested 
directly at the site of the bonds, and can influence the bonds only by 
causing an electron displacement in the bonding atom or by a steric 
effect. Under tiiese circumstances there is leas tendency for the equilib- 
rium to be displaced far to one ride or the other. 

THE KEDISTRlBimON BEACTIOR 

In a series of papers by the present writers and their co-workers ^ it 
has been shown that there exist a number of liquid-phase equilibria of 
the above general type, which are free from disturbing side reactions, 
and wbidi are distinctive in two r^pecte: first, althou{d> the compounds 
involved may be whrily oo|^Dt in type, no ioniring solvent is required 
fOT reaction, idthouidt a is needed; second, the interchange 

falrft|i fdaee purriy at random, and the composition of the product can 

*(«} CaUaiMrt, Bwtty. Samoa at'. Am. Chtm. 8oe., U, 27iS (1930); (b) Utid., 
SI. mb (1030) ; («) iKd.. *i, 3758 (1039); (« Md., 01. 3300 (1930); («) ibid., M, 1000 
dOlO); (/} Wd.,m, 1104 (1940); (tf) Md., M, 1107 (1940); (4) ibid., 08, 1643 (1040) 
<0 4ta. «. 1540 (1040); (/) aid .. «, 047 (1041). 
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be iffilculated in advance frtan the law of probability. IIhb raodomnass 
implies that there are no directive effects of structure, or that the enei^ 
of each kind of bond involved is unaffected by the nature of the other 
bonds in the molecule. The opposiig chemical forces are evenly bal- 
anced and the equilibrium composition does not nhangB with temper- 
ature. Hus interchange process is the “redistribution reaction,” and 
the product is termed a “random equilibrium mixture.” 

The study of the reaction to date comprises but a few examples 
among esters and aliphatic haUdes, and a larger number in the field of 
organometallic compounds. It appears probable, however, that many 
more examples await discovery. The following sections first describe 
the reaction and its conditions; next, discuss the composition of the 
products obtained; and finally, indicate the probable mechaniran 
involved. 

EXAMPLES OF THE SEACTION 

Esters and Aliphatic Halides. If an equimolecular mixture of ethyl 
acetate and methyl butyrate is heated, alone or with an inert, non- 
ionizing solvent, no reaction occurs; but, on the addition of a small 
amount of a catalyst such as aluminum ethylate, an interchange or 
redistribution of the acyl and alkoxy radicals takes place and leads to 
the equilibrium: *• 

MeCOOEt + PrCOOMe ^ MeCOOMe + PrCOOEt (2) 

in which each of the four compoimds is present in the same proportion, 
25 mole per cent. Here the two acyl rascals, let us say, correspond to 
A and B in the type equation 1, and the two alkoxy radicals correspond 
to Y and Z; the bonds broken and formed are all carbon-oxygen. The 
forward and reverse reactions are evenly balanced and the two pairs 
of esters on either side have the same probability of existence in their 
mixture; that is, the radicals are distributed at random. 

A similarly catalyzed redistribution takes place between furfmyl 
acetate and ethyl furcate, and also between dimethyl oxalate and dibutyl 
oxalate.’^* The latter can also be written in conformity with the type 
equation 1, as follows; 

MeO(CO COOMe) + BuO(CO COOBu) ?=» 

MeO(CO • COOBu) -f- BuO(CO • COOMe) (3) 

In this example the type AZ and BY compounds on the right-haod side 
of thq equation happen to be identical, but this not affect the 
randomness of the interchange. Hence, starting with equimoleeular 
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of the two ajnnassetrieal oompounds, at eqiiiUl»*iiu& the niix- 
hae boataios 25 mole per cent of each of these and SO per cent the 
isaethyl butyl oxalate. 

In the h^ide field, an analogous redistribution is shown in the reao> 
tkm of ethylene dihaiides, catalymd by aluminum diloride. 

CaCEUCH,a + BrCH»CH*Br ^ 2aCH»CH*Br (4) 

This reaction was observed by Dougherty,* who stated that it is revers- 
ible and that its product corresponds to “the laws of chance.” The 
idgnifioanee and generality of this statement were apparently not 
appreciated by subsequent readers. It is evident that two somewhat 
different bonds, carbon-chlorine and carbon-bromine, are concerned 
here, but in the two (Afferent organic radicals, — CH 2 CH 2 CI and 
— CJHjCHaBr, the carbon atoms at the site of the ruptured bond are 
so nearly in the same chemical or electronic state as to be practically 
equivalent, with the result that the equilibrium is not displaced, but 
rmiains random. At least, the difference, if any, in energy between 
the Cl — CH3CH2CI and Cl — CH^CHaBr bonds is equal to the differ- 
ence between the Br — CH2CH2CI and Br — CH 2 CH 2 Br bonds. 

A redistribution also occurs between ethyl chloride and ethylene 
dibromide, or between ethyl bromide and ethylene dichloride. “ 

Eta + BrCHjCHjBr ?=i EtBr + ClCH,CH»Br (5) 

At the same time the ethylene halides interchange according to equa- 
tion 4, so that the product contains each of the five possible different 
compounds. 

Otganometallic RnM Compounds. Dimethylmercury and diethyl- 
mernuy are weQ-defined and stable chemical entities; when pure, they 
can be mixed without undergoing any transformation, but in the pres- 
ence of a suitable catalyst, such as methylmercury chloride, an inter- 
change of methyl and ethyl radicals takes place in accordance with 
the equation. 

MciHg-l- EtfHg 2MeEtHg (6) 

This equation also can be written to conform with the general type 
g^ven above, thus: 

MeOffgMe) -1- Et(HgEt) Me(HgEt) -|- Et(HgMe) (7) 

Hffloce, starting with equimolecular quantities of dimethyl- and diethyl- 
mraeory, at equilihrium the mixture is fotmd to contain 25 mole per cent 
of eadi ci and 50 per cent methyletiiyhnercury; starting with 
*IlDa#wrtr, ibii.. SI, 670 (1029). 


THE REDISTRIBUTION REACTION 1811 

imre methylethyliDercuiy, the same cMiuiUbrium mixture is obtaiaed- 
The latter reaction accounts for an observation made more than 80 yrais 
ago by Fra nkland )* who treated ethybnercury chloride with dimethylzine 
and stated that; “It is probable that mercuric ethomethide was fonned 
in the above reaction but subsequent distillations gradually tran^ormed 
it, more or less perfectly, into a mixture of mercuric methide and mm*- 
curic ethide,” 

Similarly, if an equimolecular mixture of tetramethyllead and tetra- 
ethyUead is treated with triethyllead chloride or aluminum chloride as 
the catalyst, a redistribution reaction takes place, as indicated by 
equation 8, to yield all the five possible RiPb comp)Oimds in the propor- 
tions given: *• 

SMetPb "f- 8Et4Pb — > 

IMe^Pb + 4MeJEtPb -h BMejEtiPb + 4MeEtjPb + lEtiPb (8) 
The result is, in effect, an equilibrium represented by the equation: 

Me(PbR) + Et(PbR0 ^ Me(PbR') + Et(PbR) (9) 

where R and R' symbolize any two of the following four possible Rs 
groups: Mea, MeaEt, MeEta, and Eta. The numerical values of the 
concentrations of the five components in the product correspond to the 
law of probability, as will be explained below. In this example, the 
same product will be obtained by starting with dimethyldiethyllead 
alone, or with an equimolecular mixture of trimethylethyllead and 
methyltriethyllead, or with any other mixture containing altogether 
equal proportions of methyl and ethyl radicals. 

Likewise, a mixture of tetramethyl-, tetraethyl-, and tetra-n-propyl- 
lead yields at equilibrium a product centring the fifteen posable R^Pb 
compounds in proportions corresponding to a random distribution of 
the three radicals.^* Other examples of this reaction of RM compounds 
have been given where the reactants are two or more different radicate, 
including methyl, ethyl, n-propyl, isopropyl, isobutyl, fer<.-butyl, phenyl, 
and p-tolyl, bound to one or more metals, including lead, tin, silicon, 
and mercury.*'- ‘ Also, a high-temperature uncatalyzed interchan^ of 
radicate has been observed for a mixture of triphenyl- and tri-a-naph- 
thylbismuth compounds.^ As for zinc alkyls, although a mixture of 
dimethyl- and diethylzinc fails to show an appreciable amount of re- 
distribution,** the RR'Zn compounds are known to rearrange on heating 
to give a mixture of R2Zn and R'jZn.* 

* Fmalcland. Ann.* Ul* 59 (1859). 

* Challdzkitsr tt&d Ridffwayt J- Chem. Soc., 181 , 104 (1922)* 

^ TtVrt mTn , 59, 931 (19^)* 
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WatiDetT&e oompoaiMiB of two diff^at metah react nndar Rhmi1ii.r 
emiditiiais, as a rule they also react with one another, a^iin yielding all 
^ poBfflble compounds of both metals. For example, vdren a mixture 
ci tetramethyllead and diethylmercury reacts in the presence of an 
ahmuttum diloride catalyst, there is an interchange of the alkyl radicals 
between the two metals,**- ^ which can be represented as foUows: 

Me(PbR0 + Et(HgR) Me(HgR) + Et(PbR,) (10) 

At the same time there is a redistribution of the radicals between the 
BgHg compounds (equation 6) and between the R 4 Pb compounds (equar 
tion 8) giving two independent random equilibrium mixtures containing 
all m^t possible compoimds. However, in the transfer of the radicals 
from one metal to the other (equation 10), the PbRa and HgR groups, 
corresponding to Y and Z in the type equation 1, are sufficiently 
to cau% the equilibrium to be displaced to the right, as indicated by 
the arrows. In other words, the difference in energy between the 
Me — ^HgR and Me — PbRs bonds is not equal to that between the 
Et — HgR and Et — PbRs bonds; instead the mercury shows a greater 
relative affinity than lead for methyl as compared with ethyl radicals. 

The above interchange, therefore, is not strictly speaking a redistri- 
bution reaction, althou^ it is in many respects similar, and may be 
regarded as a borderline case. On the basis of the law of mass action, 
the displacement of the equilibrium can be expressed by an equilibrium 
or “relative affinity” constant, K, whose value is given by K = 
fEtr — Pbl 

, where the brackets denote the proportions of the 

four different R — M bonds in the total product. This constant has to 
be experimentally determined on one occasion, after which its use 
the prediction of the equilibrium composition of any other sys- 
tem made up of the same two metals and radicals in other proportions. 
For the above example, teste made with several different mixtures have 
shown that £ »• 4, approximately. 

In like manner, a mixt\u*e of tetraethyllead and tetramethyltin 
yidds a product containing each of the ten posrible R«M compoimds.*' 

Oig^momeiallic Balides. A similar redistribution of alkyl radicals 
takes place in the RsPbX compounds (X is a chlorine or bromine atom), 
and the reactknr is spontaneous, since the reactants serve as their own 
catalyst. Thus, a mixture of trimethyl- and triethyUead chlorides, or 
the compound, dimethyletbyllead chloride, spontaneously reacts 
to ykld the four posable RsPbCl (KKnpounds in a randmn equilibrium 
mixture.*^ 
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It f<dlow8 that if, for example, tetramethyUead is treated with a 
triethyilead halide, there results an equilibrium mixture eontainiDg afi 
the possible five R^Pb and four RgPbX compounds: ^ 

MefPbRi) + Et(PbIWX) Et(PbR«) + Me(PbR«X) ( 11 ) 

Also, the fact that trialkyUead chlorides act as catalysts here su^ests 
the possibility of spontaneous interchange of the chlorine atom with the 
alkyl radicals from RiPh. The simplest possible reaction of thin kind, 
where all the R radicals are identical, has been demonstrated by using 
radioactive lead (Pb*) as the taacer.*'* 

EtiPb* + Etd^ba Et,Pb*a + EtiPb (12) 

At the same time, there is very little formation of R^PbXj compounds 
in these reactions f indicating that the equilibrium 

2R,PbX R4Pb + lUPbXi (13) 

is not a random distribution, but tends to go far to the left. At ele- 
vated temperatures, however, this equilibrium is displaced by the irre- 
versible decomposition: 

RjPbX, -> R, + PbX, (14) 

These reactions explain the apparent instability of the RsPbX com- 
pounds. This instability and the spontaneous redistribution of the 
R 2 R'PbX types account for the observation of Griittner and Krause* 
that, in the preparation of R 2 R'R"Pb compoimds flrom RaR'PbX by 
the Grignard reaction, the halides should te used only when freshly 
prepared, as storage for any length of time leads to low yields and an 
impure product. The low yields are a result of the disappearance of 
part of the R^R'PbX (equations 13 and 14), while the impurities are 
other R^Pb compounds derived from the various RaPbX salts which 
were formed in the redistribution (equation 11). Similarly, in the syn- 
theris of certain RaR'Pb compounds from the Grignard reaction on 
RjPbX, some RiPb and RaR'aPb compounds are formed.’ 

Otiiet Bqoilibiia. In addition to the evenly balanced or random 
equilibria noted above, there are of comee a number of reactacms of 
somewhat aimilar types in which the equilibrium is usually dis^aced 

* OiCttAsr aad Enaw, Btr., N, 202 (1017). 

’ CaliniMrt tuod Sorooa, /. Org. Chttn., I, 535 (1038). 
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or kes to one By (kfioMoo, l^ese do not idthk the 
eooiie 111 tide ohapt^. 11 ^ following sre examples: 

+ MX, ?:± 2RMX (M-Mg,Za,orBto» 

RK + R'H RH + R'K (R,R' - aryl) » 

MeCOOR R'OH ^ MeCOOR' + EOH “ 

It maiy be noted that in the last of these, the alcoholysis of esters, there 
axe a number of examines having equilibrium constants very close to 
unity, which may therefore be considered to be true redistribution 
reactions. 

Reaction Conditions. The reactions have been carried out in the 
liquid phase at temperatures from 20® to 180® for five hours or less. 
To obtain the desired temperature, and at the same time to provide 
stiiring and exclude air, it is convenient to add 50 ml. of an inert sol* 
v«it such as hexane or decalin to 0.3 mole of the compounds, and to 
reflux the mixture. A change in temperature has a marked effect on 
the reaction velocity, as might be expected, whereas the presence of an 
inert wlvent does not; neitiier variable has any observable influence on 
the oomporition of the completely reacted product. 

In the absence of a catalyst no reaction whatever is detected, except 
at a high temperature for RM compounds where the R’s are aryl groups. 
In general, the catalysts for organometallic compounds are organo- 
metalUc halides, RMX, and contain, in a polar state, the radicals or 
atoms to be interchanged, or else (like aluminum chloride) the catalysts 
react with the substrates present to yield such RMX compounds. For 
the esters, the only catalyst which has been used is aluminum ethoxide, 
and for the aliphatic halides, aluminum chloride. Doubtless numerous 
other compotmds would also be effective. 

For the org^ometallic redistributions as well, aluminum chloride 
has generally been used, but a number of other agents have been tested 
in the Me 4 Pb — ^Et(Fb reaction, and a catalytic effect is also shown, for 
example, by the chlorides of zinc, mercury, zirconium, tin, phosphorus, 
azsenio, bismuth, iron, and platinum, and by rinc and boron fluorides. 
The activity el these different catalysts varies greatly.^* As little as 
0.5 per cent dhnethylaluminum chloride effects complete redistribution 
of R 4 Fb in cme-hall hour at 25°, whereas the trialkyllead halides are 

•Oanum. This Treatiw, pp. 407, 647, 661. 

*Conaiit aad 'Wheiand, J. Am. Chtm, Soe,, 64 , 1212 (1932). 

» r«bl«a4t rad Adldni, Oid., 67. 193 (1936); Batch and AdUiw, OU., ft, 1694 (1937). 
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relativdy weak catalysts, from 6 to 10 per cent being required to bring 
about complete reaction in five hours at 80°. 

For the redistribution between tetramethyllead and tetraethyllead, 
the reaction is strictly quantitative,'® apart from a small amount of 
irreversible side reaction with the catalyst. Using one mole per cent 
of aluminum chloride as the catalyst, it is found that 1.6 per cent of the 
B^Pb reacts " to yield RaPbCl and, in small part, PbCU; if as much 
as 5 per cent dimethylaluminum chloride is used as the catalyst, only 
0.2 per cent of the lead is converted to chlorides. In neither case is tl^% 
any decomposition, evolution of gas, or precipitation of metallic lead. 
With less stable compounds such as the teri.-butyl R^Pb, some decom- 
position may occur. 

COMPOSITION OF RANDOM EQUILIBRinM MIXTITRES 

Use of Law of Probability. In the type equation 1, if the distribu- 
tion is purely random this result can be expressed by a conventional 
equilibrium constant equal to unity. Likewise the first of the examples 
given (equation 2) where four different esters are involved has a con- 
stant of 1. If equations 4 and 6, for the ethylene dihalide and R 2 Hg 
reactions, were written in the form of equations 3 or 7, where an artificial 
distinction is made between the two identical molecules on the ri^t- 
hand side, then their constant would likewise be equal to 1; in their 
present form, however, the constant is equal to 4. In reactions involving 
groups of higher valence, this conventional method of expressing the 
composition of the reaction product is not too satisfactory since a single 
equilibrium constant is insufficient. For example, in equation 9 for 
R^Pb compounds the equilibrium has to be broken up into three dif- 
ferent parts with separate constants for each. Equation 5 for ethyl 
halides with ethylene dihalides presents a similar difficulty. 

On the other hand, for the present redistribution reactions the ringle 
criterion of randomness of interchange permits a simple and direct a]>- 
proach to the problem of representing and determining the equilibrium 
composition. All that is required is to express the randomness in tenm 
of the law of probability, and to substitute in the resulting expression 
for the composition the appropriate numerical values for any (pven 
fixamplft. The expressions obtained'® reduce to rather simple fonns 
for systems ontiteining few constituents. For example, in tbe reacthm 
given in equation 9, let [Me] =■ r, where [Me] is tte mole firaetion of 
methyl radicals in the total of methyl plus ethyl; then the compodtioo 

OHmAn AppersoOi J- Org- Chem,, 162 (1939). 
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^ raxukMn eqaS&iium nuxture vrMdi results from ^ reactba of 
ans imilial mixture or compouad is given, in mole fractions, by: 

[Me*PbJ -f* 

[MeiEtPb] » 4f»(l - r) 

[MejEtjPb] - 6r*(l - r)» 

[MeEtsPb] ■“ 4r(l — r)* 

[EtiPb] - (1 - r)« 

For example, if r = 0.5, corresponding to equal proportions of methyl 
and ethyl radicals, the composition will be that given in equation 8. 
In general, from a knowledge of the composition of the original mixture, 

from the over>all analytis of the product, the value of r is determined, 
and the expected concentrations in the final mixture can be calculated. 

Eiperimental Tests of Me 4 Pb-Et(Pb Systems. For the equilibrium 
which has been most carefully studied, that of the methyl and ethyl 
R^Pb-cmnpounds, the experimental agreement with the probability law 
is within t^ experiments error of the analyses. For this system, the 
analytical procedure (a vacuum fractional distillation) was tested with 
two synthetic mixtures of the five compounds and showed an average 
error of 0.6 per cent, whereas the analyses of eight different equilibrium 
mixtures, ranging from 20 per cent to 74 per cent methyl radicals, gave 
an average deviation of 0,5 per cent from the calculated composition.'^ 
As an illustration, Figs. 1 and 2 show the experimental distillation 
curves '• of three different random equilibrium mixtures, in comparison 
with the values calculated from the law of probability. 

The equilibiimn might be expected to be more exactly random for 
isolated molecules in the gas phase than for the liquid phase. How- 
ever, Allen “ has shown that the vapor-pressure correction relating the 
gas and licpud phase equilibria is negii^bly small for a series of homolo- 
gous compounds such as the present R 4 Pb system. 

Predirted Results. Equilibrium constants for unmeasured reactions 
can scHnetimes be determined by calculation from known equilibria for 
an appoxtpriate series of reactions connecting the various components of 
the given system. The present redistribution reactions provide values 
iriiich may prove to be useful for this purpose. Ginversely, it may 
become possiUe to predict other redistribution reactions. Thus, for 
equation 2 involving the methyl and ethyl acetates and butyrates, as 
pdnted out 1^ Stabler and Gresham,'* the combination of the four 

^ JL O* AQfii. itfivftto o(SiinuiikicMtio&* 

mdGniiliama /. Am. Chmn. Soc., QZU (1940). 
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Appropriate esterification constants cS tbe corresponding acids woold 
give an equOiteium constant for tiie redistribution, {uid only if it were 
equal to unity would the redistribution be truly random. Practically, 
it is questionable whether, even in this favorable example, the constants 
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Fio. 1. — Distillation of equilibrium mixtures where [Me] = 0.6. 
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are Imowm aoeurately to penmt a oalculatibs whiefa is as rdial^ 
as the retolt fumhhed by toe direct experiment and analysis of toe 
product. 

It is also pomiblfi to attanpt a prediction of toe eqmlibria Imsed on 
mbleoular data. For such reactions as the interchange of the methyl 
and etoyl lUPb compounds where the bonds broken and formed are 
nearly identical, it may perhaps be legitimate to assume in advance that 
AH is practically zero; * ** if so, the equilibrium composition is determined 
solely by toe change in entropy, AiS®. On this basis, for examples of 
toe present R4M type. Steam ^ has calculated from statistical mechanics 
that toe steric effects involved in the interchange can make no more 
than an experimentally inappreciable contribution to AS®, so that the 
value of AiS® is essentially merely that of the entropy of random distri- 
bution of the radicals. 

MECHAinSM AITD KUmTICS 

A mechanism involving ions or free atoms or free radicals is un- 
likely, although it must be admitted that but little is known regarding 
toe diemical properties of these reactive intermediates in the liquid phase 
or of reaction mechanisms involving them.“ The heavier radicals, such 
as phenyl or RjPb, may be sufficiently stable under toe conditions of 
reaction to permit ffirect interchange, and tins .would account for the 
non-catalyzed redistribution of tetraphenyl- and tetra-p-tolyllead, or of 
triphenyl- and tri-a-naphthylbismuth. However, it is to be expected 
that toe lighter methyl and ethyl radicals, if liberated, would undergo 
secondary reactions, such as combination and disproportionation, which 
are completely absent in the redistribution reaction. In this connec- 
tion, it is of interest to note that when a mixture of hexamethyldilead 
and hexaetoyidilead, without added catalyst, is decomposed thermally 
in quantitative accord with toe equation 2R6Pb2 —* SRtPb -f- Pb, the 
product contains all five possible R^Pb compotmds.'* Also, it is signifi- 
oimt that in th6 redistributions of lUPb mixtures containing on the one 
hand methyl and n-piopyl radicals, and on the other, methyl and iso- 
propyl radicals, there is no isomerization of the propyl groups in either 

A clue to toe mechanism lies in the fact that the catalyst is always 
a compound of a type which is known to be capable of reversible ex- 

* 8e«, however, Johmnn, This Treatiee, p. 1893. 

‘^Stewtt. J. Am. Cham, Soe., «, 1630 (1940). 

** Brown, KhuTBech, end Cbiw, 4bid., Cl, 3436 (1940). 

** OeBngeert, Soroiw, and Shapiro, Aid., CA, 462 (1942). 
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change of radiciUB or atoms "with the materials undergoing redistribur 
tion, or which will form such a compound in the reaction mixture. For 
example, the following reactions have been established, the redistxibu- 
tion catalyst being underlined in each case: 

AlCiU + RiPb ^ RAia, + E»Pba, 

RAICU + R<Pb RiAlCl + EaPbCl “ 

Aiq, + 3RBr AlBr, + 3Ra " 

R»PbCl + R 4 Pb* ^ RgPb*Cl + RgPb (equation 12) 

Al(OR), + SMeCOOR' Al(OR')8 + 3MeCOOR “ 

This suggests that the mechanism of the redistribution reaction may 
be the reversible formation of a loose complex between a molecule of 
the catalyst and one or more molecules of the compounds to be redis- 
tributed. When the complex breaks up, each molecule is re-formed 
with its proper complement of groups taken at random from the com- 
mon supply in the complex, and the final result of the repetition of 
this process is an equilibrium corresponding to complete random redis- 
tribution. The information obtained so far on the redistribution re- 
action is in accord with such a mechanism, but does not yet include 
data which confirm its correctness. Further insight can be obtained 
from properly designed kinetic studies, where the reaction is stopped 
before reaching equilibrium and the products are analyzed. 

For example, in the redistribution of R4Pb compounds, it is possible 
that the alkyl radicals are interchanged either one at a time or in pairs. 
In eitber event, the final equilibrium will be the same, but during the 
reaction the change of composition as a function of time will be notice- 
ably different. 

In impublished work in the writers’ laboratory, the differential equa- 
tions have been set up and integrated to give the composition, as a 
function of time, resulting from the interchange of radicals one at a 
time, for any initial concentration of one or more of the five II4M com- 
pounds where there is one M group with two kinds of R’s. To take a 
simple example, if the initial composition is an equimolecular mixture 
of tetramethyl- and tetraethyllead, the equations reduce to: 

[MegPb] - [EtgPb] - fjCl -|- 
[Mei^tPb] = [MeEtjPb] = i(l - «“*) 

[MejEtjPb] = 1(1 - 2e-‘« -b e"*) 

Pouret, BvU. loc. dam,, [3] SS, 295 (1901). 

“Bitor, J. Am. Ounn. Soc.. 60, 2673 (1938). 
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Bere, tlie mut of time, t, is muaeriflally indetermimte, being simply 
the time required for an average of one rand(»n interchange of a radical 
for each sin^ B4M molecule present. When these three equations are 
plotted, as in Fig. S, it is seen how the composition progresses toward 
equilibrium, and it is evident that the determination of the concentra* 
tion of any one of the five components at some particular time defines 



the composition of the whole mixture, provided that the reaction fol- 
lows the postulated mechanism. In other words, the reaction serves as 
its own clock or time-measuring device. This means that the reaction 
velocity not only does not have to be measured in the usual way but 
also d^ not even have to be held constant. Thus, for example, a 
change of activity of the catalyst during the reaction is of no concern. 
Aotuaily, in a number of such experiments which were made by inter- 
rupting the reactions at different times, the results of the analyses of 
tim reaction mixtures failed to ^ow reasonable agreement with these 
equations. Hmioe it is believed tiiat the reaction mechanism is not 
confined to the simide interchange of one radical at a time. 
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OTTRODUCnON 

Hie evolution of valence theoriee in organic chemistry has been ac- 
ooanfMUiied by the introduction of characteristic symbols liiat have been 
Sfi^ldied with eonsdenible success in the interpretation of structural 
|ifeeno mftna and of organic chemical reactions. The notion of integral 
vskooe bonds end the genesis of structural formulas, together with the 
recognition of a localised distribution of valence forces in space, has been 
eoffident to account in large measure for diverse t3rpe8 of isomerism and 
in geoaral for the phenomena associated with oi^nic molecules in an 
ionetive or resting ^te. Efforts to account for dsmamic effects in these 
IjfSftams have led to a resudution of integral valence bonds into more or 
1^ nehuhNu ccmiponents (hrou{^ the assumpt^n of partial valmoes, 
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prisutiy and secondary valences, and residual fractional polarities. 
contiibution of these postulates to tire growth and general progress of 
organic chemistry cannot be denied, but efforts to attach a precise phy^ 
cal Bignificanoe to a valence unft or its hypothetical components had 
met with insuperable obstacles. 

The formulation by Lewis * of a more explicit electronic eonoepjt of 
valence and molecular structure has laid the foundation for advances in 
the direction of expressing ohemicai affinities in terms of more clearly 
defined atomic and molecular models. The older theories of organic 
chemistry and earlier electronic formulations of organic reactions * have 
taken on more definite form, and a large number of chemical phenomena 
are seen from a new j»int of view. 

The introduction of the electronic theory and its application to prob- 
lems of molecular constitution were advanced by the contributions of 
Langmuir,* and in the period since 1920 a steady development and 
elaboration of the fundamental principles of the theory have taken place. 
Progress in the field of inorganic chemistry has been more rapid than 
in the organic domain, and many of the imp)ortant generalizations and 
correlations have come from studies of the ampler inorganic molecules. 

It is evident, however, that the electronic theory must be applicable 
to chemistry as a whole. A strong impetus to its general acceptance 
and development was given by Sidgwick,*-* who showed that the under- 
lying principles of the theory and the contributions of modem develop>- 
ments in atomic physics may be used with remarkable success in inter- 
preting the varied chemical behavior of covalent molecules and ionized 
salts and in elucidating the chemical relations of the elements in the 
p>eriodic table. 

The general apjplication of modem electronic concepts to organic 
chemical reactions is due largely to Robinson * and Ingold,* and their 
collaborators. This subject has been develop)ed extensively during the 

* Lewis, J. Am. Chem. Soc., 88. 762 (1916) ; "VaJenee and the Structure of Atoms and 
Molecules," Chemical Catalog Co., New York (1923); see, also/ Chem, Rsa., 1, 231 
(1926); Chem. Phut-, 1, 17 (1933). 

*Fiy, "The Eleotroaio ConoepUon of Valence and the Constitution of Beoaene,” 
Longmans, Gre^ and Co., New York (1921). This monograph contains a review of the 
earix apidications of electronic concepts to ohetnioal reactions. 

* Langmuir, /. Am. Chem. Soc., At, 888, 1643 (1919) ; 48, 274 (1920 ; Ittd. Bnf. Chem., 
18, 886 (1920). 

* Sid^ok, "The Eleotronio Theory of Valency," Oxford tTnivoreity Freea, Oxtoiti 
(1929). 

'Sldgwiek, "The Covalent Link in Chmnistry," Comall University Press, Ithaca, 
N, Y, (1933); see, also. Ana. Septs. Chmn. See. (London), 80, 110 (1938); 81, ST (1934). 

'Robinson, “Outline of an Electrochemical (Eleetronio) Theory of the Course 
Organic Reactions,” Institute of Chenustiy of Great Britain and Reiand, London (1982). 

' Rtgold, /. Chem. See., 1120 (1933) ; Chem. Res.. IS. 226 (1934). 
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paii ftocMifi bat is not yet beycmd the state of a nnigbly qualitative 
sohiiton <d ihe vaiied and complex problmns of oiganic cbemisti^. A 
good deal of progreBS has been made by way of adaptation and JT^ne* 
meat of the earl^ views, and further advances are forthcoming ^ 
pedally in the quantitatiTe aspects of the subject 

From tiie mathematioal and ph3racal edde, problrans of atmnie and 
mdeeokr structure have been approached through the devdopment 
and daboratlon of the theory of quantum mechanics.* This has led 
to the notion of quantum-mechanical resonance (p. 1943) — ^resonance 
of a molecule among several valence bond structures — ^which has been 
applied extensively to organic molecules by Pauling.* 

The Electraoic Configuration of Atoms. The atom is pictured as 
made up of a dense nucleus and a complement of electrons. The nucleus 
bears a net positive charge equal to the atomic number of the element 
and is surrounded by a quantity of electrons sufficient to i^utralize the 
nmdear charge. In the classical theory of Bohr the electrons are con- 
sidered to revolve about the nucleus in concentric orbits or shells (quan- 
tum ^nupe).* On the basis of physical investigations Bohr grouped 
atoms into four classes: (I) those in which all the shells contain their 
full complement of electrons (the inert gases); (II) those in which all 
but the highest quantum group (outermost shell) is complete; (III) 
those in which the two outermost electronic groups are incomplete (the 
transitional elements) ; (IV) those in which the three outermost electronic 
groups are incomplete (the rare-earth elements). 

The chemical properties of an atom are determined essentiaUy by 
the electrons in the outermost shell, designated as valence electrons, 
which for a free atom never exceed eight in number. The underlying 
eheUs and the nudeus constitute the kernel, or effective nucleus, of the 
atom, which remains unaltered in ail ordinary chemical changes. In 
hydrogen the kernel is a proton and has a unit positive charge; in the 
elmaents of the first short period, from lithium to fluorine, the kernel 
indudes two planetary electrons (the helium pair) and consequently has 
a net podtive charge, called the effective nucl^r diarge, of two lees 
than the atomic nrunber. In the elements of the second short period, 
from sodhun to diloiine, the kernel indudes ten planetary electrons in 
two ahefis (the l^nim pair plus an octet), and the effective nuclear 
^arge ia tmr lees than the atmnic number. The atoms most frequently 

*Pwiliag lutd Wibon, "Istioduction to Quantum Medumios, with Applicatioai to 
CaMniMrr.'’ &IoQiaw-nin Book Co., New York (1936). 

* “The Nature of the CSremioal Bond,” Cornell PniverdOr Free*, Ithaca, 

M. Y. ' 

dw T^f**"***""**"**”*^ treatment of the motioB of deetwma bjr me a n e of 
oidsftal wave fpmone, aee Cbaiiter 26, p. 1062 ff . 
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enoountered in oigaoic compounds are included in these two periods, 
in which the number of valence electrons (and the effective nuclear 
charge) increases regularly from one to seven and (orresponds to the 
group of the elOTaent in the periodic table. 


TABLE I 


O0TEB1108T Shells oj Ttvical Elehehts 


Number of electrons 

1 

2 

3 

4 

5 

6 

7 

8 

Hydrogen period 

H 

He 







First short period 

Li 

Be 

B 

C 

N 

0 

F 

Ne 

Second short period 

Na 

Mg 

A1 

Si 

P 

S 

Cl 

A 

First long period 

K 

Ca 

Ga 

Ge 

As 

Se 

Br 

Kr 

Second long period 

Rb 

Sr 

In 

Sn 

Sb 

Te 

1 

Xe 

Third long period 

Cs 

Ba 

T1 

Pb 

Bi 

Po 




TABLE II 

Electronic Configurations of tre Inert Gabes 


Atom and 
Atomic Number 


Electrons in Quantum Groups 
lat 2nd 3rd 4th 6th 6th 


Helium (2) 
Neon (10) 
Argon (18) 
Krypton (36) 
Xenon (54) 
Radon (86) 


2 

2 + 8 
2+8 + 8 
2 + 8 + 18 + 8 
2+8 + 18 + 18+ 8 
2 + 8 + 18 + 32 + 18 + 8 


The extraordinary inactivity of the inert gases leads naturally to 
the fundamental postulate that the electronic configurations of these 
atoms represent the highest degree of symmetry and stability. Helium 
is characterized by a group of two electrons in the outermost shell, and 
the inert gases of higher atomic number by an outer shell of eight elec- 
trons. The systems of other atoms have a strong tendency either to 
give up electrons or take on additional electrons, in such a way as to 
approach the stable configuration of an inert gas. The tendency of 
electrons to form pairs (rule of two) and groups of eight (octets) is a 
basic principle of the theory of chemical combination. In graieral, the 
atoms with an effective nuclear charge of one or two tend to pve up 
electrons (electropositive atoms), and those with a charge greater than 
two tend to acquire electrons and build up octete (electron^tive 
atoms). 

lonk sad Covalent Bonds. The union of atoms in a molecule may 
be eff ec ted through two different kinds of inteiatomio forces, eiiectro- 
▼akiiee or oovalenoe. An eleetrovalent <xr ionic bond is fcmned by the 
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4niii|iieiii« tisoaf^ of lua dsctom from <m6 fttom to tEOother, and 
tdncBng ftave ia duo aBaeaiially to eleotrasfcatic attnetioa between the 


TABI<E m 


Bobb’b ChiABaiiiaiTioN or tbb Etauzim 



^ipporikiy The cation and anion can nach be aeaigned a 

dafiaitia nle<diD& rtroetine easentially independent of the proaenee of 
He tib& Hazw^eHdao atinotiue is jetaiaed aa the uma ap* 
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proaeh one anotim to form a stable eryetal. Huts, a eijnrtal of sodiom 
chloride is not made up of disable molecules of NaCl but is an a gg ™» 
gate of sodium cations and chloride anions, in equal numb^, arranged 
so that each ion is equidistant from six nei^boring ions of opposite 
charge. 

In a covalent bond the atoms are held together by a pair of electrons 
which is shared by the two atoms and is consider^ to be effective in 
completing a stable electronic configuration for the valence diell of each 
atom. This t3rpe of bonding gives rise to discrete molecules having rela- 
tively weak external electrical fields. The forces of attraction between 
the distinct molecules (van der WaaJs’ forces) are very weak in compaii-' 
son with the Coulomb attraction of ions, and the distances between the 
atoms A and B belonging to different molecules are considerably greater 
than the interatomic distance within the discrete molecules A-B. More- 
over, the binding force ariang from a shared electron ^ir is localised 
and exerted in a definite direction about the atom, ^ving rise under 
appropriate conditions to stereochemical phenomena, whereas the elec- 
trostatic attraction of a free ion has no definite direction in space and 
extends to all ions of oppoate sign in its neighborhood. 

Sugden •• has developed a theory based upon the hypothesis that 
atoms may be held together in stable combinations by ^e formation 
of a covalent bond in which only one electron is shared by the atomic 
nuclei, and he has used this asaunption to formulate the electronic con- 
figurations of a number of inorganic molecules (SFe, PFg, etc.). There 
b evidence that hydrogen may form a one-electron covalent bond in the 
unstable hydrogen molecule-ion [H2]'*', and in the boron hydrides, but 
it appears on physical grounds that covalent bonds of only one electron 
or of three shared electrons may be expected to occur only exceptionally 
(NO, NO3, O2, ClOj, etc.)“ There is certainly no just^cation for an 
assumption that covalent bonds of one or three electrons are present in. 
stable or^udc molecules. 

Coordinate Bonds. Covalent bonds may be conadered to aibe in 
two ways: each atom may contribute one electron of the bindmg pair 
(normal covalent link), or one of the two atoms may fur n i sh both eleo- 
trons (coordinate link). A bond of the second type is sometimes called 
a aenu-ionio (semi-polar) or dative double bond. The coordination 
process involve the union of a donor atom possessing an unshar ed pair 
of electrons in its valence shell and an aoceptor atom which is capable of 
holding two additional electrons. Typical donor atoms include 

“SucdMi, "Tb* T 11 A 01 and VatasoXt” Routlsda* and Sons, fimidoa (198t9;«M, 
<dao> Oiapter S3, p. 1744. 

« Pwilin*. X, Anu Chm. 8oe^ M. 8226 (IWl) ; sm, aha. CSiajphr Krp. 1 W, 
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oitrogea in aDoixHnua tod aioiztes, 2^Yalent osygen and sulfur, 
aed i-covatent ktdio^; exazoples of acceptor atoms i^ude bydrogen 
oatiom (protcm), S(^valent magnesium and zinc in their albyl d6iiva> 
dvea, and 3-eovalent boron in its alkyl derivatives and halides. 

The union of trietiiylamine or diethyl ether vrith bmon trifluoride 
serves to illustrate the formation of a oodrdinate link. Owing to the 
fact that nitrogen has five valence electrons it can complete its octet 
by fanning three normal covalent bonds; the resulting 3-oovalent nitro- 
gen atom possesses two unshared valence electrons and can act as a 
donm. Boron has three valence electrons and can acquire but three 
more by the formation of normal covalent bonds, achieving a total of 
only fflx valence electrons. By virtue of the general tendency of a 
valence sextet to pass into the stable electronic configuration of an 
octet, 3-covalent boron can acquire two additional electrons and can 
act as an acceptor. In forming the compound RsN-BFa, the octet of 
boron is completed by the previously unshared electron pair of the 
nitrc^n. 

Et F Et F 

Et:N; -I- B:F Et;N:B:F 

• • • « « • • • 

Et F Et F 

F F 

Et:0: + B:F-* Et:b:B:F 

•• • « « • •• 

Et F Et F 


As a result of the coordination process, the acceptor atom obtains a 
dure in two more dectrons and ito residual positive charge is decreased, 
while tiiat of tiie donor atom is increased a conesponding amount. It 
is con'mimnt to indicate the state of dectrification in the resulting co- 
rmlinate bond by assigning /ormol <^ga to the atoms, on the assump- 
tion (as a first approximation) that the electrons of the covalent bonds 
are divided eqtudly between the bonded atoms. In the compound 
H«iN-BFs this calculation (see page 1833) (pves a formal charge of +1 
f<H: the nitrogen atom and — 1 for the boron atom. A codrdinate link 
may thus be regarded as a double bond made up of one ionic bond of 
unit strength and <me covalent bond, or as an intramolecular ion-pair 
(switteiion)." 


In general the fmrmal diarges do not represent the actual distribu- 
tion of electrical charges among the atcsns in a molecule or pdyatonuc 
ion, mam 'tlj|#jra^l charge will be transferred in part to adjacent atoms 

Bm., it, 1 
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in th© system. The actual extent of sharing of the eleelaon iiair in either 
co5rdinate or normal covalent bonds varies over a ■wide rai^e in differ- 
ent links, and the distinction between them vanishes once the bond is 
established. In the example of coordination cited above it is suf^ient 
to recognize that the nitrogen atom after coordination is in a condition 
similar to that in an ammonium ion, and the boron in a state similar 
to that in a fluoborate ion. 

The formation of a coSrdinate link is denoted conveniently by means 
of an arrow drawn from the donor to the acceptor, EtaN —► BF 3 , show- 
ing the source of the electron pair and the orientation of the resulting 
dipole (Ji — lZ>). This symbol refers merely to the manner of estrd)- 
lishing the bond and serves mainly to aid in recognizing a condition in 
which the covalence of an atom exceeds the number of electrons it can 
contribute in the formation of the links. The symbol is useful also to 
indicate a situation in which the covalence of an atom exceeds the num- 
ber of electrons it can contribute in the formation of the links or the 
number required to complete a stable group of eight (two, for hydrogen), 
and the higher covalent state is not accompanied by the appearance of 
definite ionic charges. 

If one of the participants in the coordination is a univalent ion the 
integral charge is disripated and the use of a distinctive symbol in the 
product is superfluous. When a molecule of ammonia undergoes co- 
ordination with a proton, the unit positive charge of the proton is dis- 
tributed throughout the resulting ammonium ion and the new covalence 
becomes identical with a normal covalence. likewise, the coordination 
of boron trifluoride with a fluoride ion produces a new anion in which the 
unit negative charge permeates the entire system and all the fluorine 
atoms in the fluoborate ion are held by identical covalences. The nor- 
mal state of anunonium or fluoborate ions is not represented as a co- 
ordination complex (I, III) but as a system held together by ordinary 
covalent bonds (II, IV). 


IKl'^— iNHa Imxmas 
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of Covalnice Marima. An expression of the valence of an atom 
in terms of the electronic theory must take into considCTatJon its ca- 
pacity to form chemical combinations through electroyalraat and cova- 
lent KnkygAn The dectrovalenoe of an atom is detemuned by the 
number of its vaknoe electrons; for an atom which tfflida to acquire 





dNbmt it Is e^aal to ^ nsaabts' of deotroos it mpmes to attsin a 
ataMa mmber, aitd for aa atom wl^«h t^da to loae dactKms it ia »|Qal 
to tibe number of deeto>n8 in exoeas of a atabie number. Tbe ncBtnal 
eoTaieaoe of an atom is ako (ktermined by the number of its valence 
ekictrcmB, but aince additwmal covalmit bwlca may be formed by oo- 
ordmatkm, it might appear that tbe total eovatettce could vary through 
vnde limite. On the basis of chemical evidence ffidgwidc*-* has formu- 
lated the following vahiea for the covalence maxima of the elements: 
2 fw hydrogen; 4 (e^t shared electrons) for elements of the first short 
p^od, frmn hthium through fluorine; 6 (twelve shared electrons) for 
ekments of the second short period, from sodium through chlorine, and 
the first long period, from potassium throu^ bromine; 8 (sixteen diared 
electrons) for atoms of higher atomic number. 

ElectzoafiSnityof Hydn^ien. It is important to recognise the angular 
position of hydrt^fen in the periodic table.“ The kernel of hydrogen is 
a bare jnoton, and as a result it has a higher effective nuclear charge than 
any other atomic kemeL* The small mass and relatirely large charge of 
the proton account for its extraordinary mobility and for its ability to 
penetrate the electrordc shells of other atoms. Hydrogen acts as a 
strongly electracffigative element through its tendency to acquire an 
additional electron and attain a stable group of two. It usually forms 
a single covalent bond but ocoamonally takes complete possession of an 
eleotron pair and forms the hydride anion. The apparent tendency 

-♦ H:X H*'+-Na Na+[:H]- 

V-Jff 


(ff hydrogen to act as an electropositiye atom, as in the ionization of 
adds, is due to its great mobility. The concentration of free protons in 
the aqueous solution of a strong acid is extremely minute, and the ioniza- 
tion of acids must be regarded as the transfer of a hydrogen nucleus from 
<me molecule to another, thus forming a complex ion.“ 

H 

H:X + H:0:H -» [H:0:HI+ [rXJ- 

*• •• 


W lAtiiiier aail Bodebudi, J~ Am. Chtm. Soe., 49, 1410 (1020) ; Rodebuah, Chtm. Bee., 
f , SCO (1928) ; SO (1930) ; aee. alio. Lowijr. J. Chtm. Soe., US, 822 (1023) ; Huggini, 
jr. Org. CSow., 1. 407 (1086); Laawttn, Chtm. Btt., 90, 210 (10S7) ; Bodebodi and Buawell, 
J. Bki0. Chm» U. 219 (1030)^ 

* Tida doea not iM«a that brdiocaa ia tiM moat alaetioaagiitiva siaaent, ainee alMtaw- 
a^atMtrt* oaiu^cfaMd 4a rwnaaat tha aiaetron-attraotias pawar of a Mtuital tUm ia a 
atiMe m^eeaje laaa USB)- On Baoling’t aeala at «toetrra«sativitiaa bydiosiu it 
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Thcro IS also good physical aiid chemical evid^oe that an atom cl 
hydrogen can hold two other atoms together, as in. tibe bifiuoride ion, 
[5'-H"F]~. The association of hydroxylic compounds, and formation 
of dielate nngs 1S6S) in certain ort&o-substituted phmu^ and enohc 
forms of fS^liketones, are further examples of 2-covalent hydrogen. 
Originally it was assumed that 2-covalent hydrogen held a group of four 
Glared electrcms, but this conception has been shown to be quite un- 
likely on physical grounds. The 2-covalent state of hydrogen is attrib- 
uted to a condition of resonance between two structures, in the first of 
vdiich the hydrogen is attached to one, and in the second to the other, of 
the two atoms which it holds together: A: :B. 

Resonance.* It is sometimes possible to write for a molecule, or 
polyatomic ion, two (or more) electronic formulas having the same ar- 
rangement of the atomic nuclei and differing merely in the positions 
assigned to the electrons in the system. If the electronic structures cor- 
respond to about the same energy content (and to the same number of 
unpaired electrons, if any), then neither electronic formula alone ex- 
presses the normal state of the molecule but instead a combination of 
both. The molecule will be more stable than either structure alone, 
as a result of resonance between the structures, and can be regarded as 
having a structure intermediate between the two (which cannot be 
expressed by the conventional symbols of structural chemistry). If two 
structures have the same energy the molecule resonates equally be- 
tween the two; if one structure is much less stable than the other, its 
contribution to the normal state of the molecule will be relatively small 
and the molecule will be only slightly more stable than the more stable 
of the two structures (p. 1847). 

In molecules that exhibit resonance the observed heat of formation 
is greater than the sum calculated from the heats of formation of the 
separate bonds, and the increased stability is interpreted as resonance 
energy.'* It is found also that the distances between the atoms linked 
in a resonating system are somewhat smaller than the normal. These 
effects may be illustrated with carbon dioxide,** for which two different 
electronic formulas can be written. 

:0«0— O: ^ :b=C— O: ^ :6-0=0: 

• • »* 

The essential conditions for resonance are satisfied, and sinoe the cal- 
culated heata of formation of the two forms are neariy the same (348 

** Psalhia ftnd ooUabor^tors, /. Am- Chtm, Soc-t 88, 3226 (ISSl) ; 84, 290, 3670 ( 1932 ) ’ 
j. Chtm. 1, 862, 600, 679, 731 (1933). 

** Sidgwriok, Ann. Ripit. Chem. Soe. {London), 81, 87 (1934). 
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tfce Sjyoaiiwtri^l f<MmaIa and about 360 for odtar) 
liu^ irould oontrib^ aboat equally to the nonnal state oS the lystein. 

eSeoto of reBooanoe are indicated by the following expmmental 
<d^a»rvatiom: tiw observed beat of formatton of carbon ditodde (380 
is about 32 kcal. greater than the value calculated for either 
One tile formulas; the observed distance between the terminal oxygen 
atoms la about 10 per orait less tium the calculated values; and the 
dhmdoal reactivity of the carbonyl groups is reduced far below that of 
aldehydes and ketones. 

The theory of resonance is important in organic chemistry in ac- 
counting for the stabihty of syitems which might be expected, on the 
basis of their stiructural formulas, to be more reactive than tl»y actually 
are. Further examples are afforded by benaene (and aromatic systems 
in general), nitro ounpounds, isoc 3 ^nates, amidra, carboxylic acids, 
estm, and anions derived frcxn carboxylic acids or enolic forms of car- 
bonyl compounds (see Table V, p. 1837, and Table XIX, p. 1913). 

The phenomenon of resonance involves merely a fluctuation of 
electrons without change of any atomic nucleus and is not to be confused 
with dynamic isomerism (tautomerism), which requires the displace- 
ment of a proton. In resonance, the time of change (if a change is con- 
sidered to occur) is of the order of 10“*® second, but a mixture of two 
forms in tautomeric equilibrium would change very much more slowly. 

ELECnunnC COIlFIOXTltATIOIfS OF OROAinC MOLECULES 

Derivation of Electronic Formulas. The electronic configurations 
of organic molecules containing only single bonds can be deduced directly 
from the traditional structural formulas merely by taking into account 
the number of valence electrons of the atoms concerned, the formation of 
electron pairs, and the tendency of the principal atoms (C, N, O, S, and 
the halogens) to form octets. However, double bonds of the conven- 
ticmal formulas may represent two different electronic systems: a true 
eovalait double bond made up of four tiiared electrons or a coordinate 
li»lt (semi-ionio double bond) of only two shared electrons. 

Where more than one electronic structure is possible, the nonnal 
structure may be chosen by using the rule of covalence maxima and 
the i»inciple of minimum residual charges formulated by Langmuir: ” 
'*The resifhial charge cm eadi atom and on each group of atoms tends to 
a mininmm.’' For this purpose fractional residual charges arising from 
m unequal distiibution of the dectron pair of a covalent bond ^ductive 
t&plaieemente, p. 18^) can be n^ected and the approximste reeddual 
"Laosmoir, SeSmof, M, M (»21}. 
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dtarge u &veii by the formula B-(Ve + Vo), where £ is the effective 
nuidear charge of the atom, V « the number of electron pnjrR fhared vrith 
other atoms (cov^ences), and Vo the number of unshared electrons in 
its valence shell in the compound. In other words, if the sum of the 
covalenoes and the unshared electrons for an atom in a compound is 
greater or less than its effective uudear charge, the atom bears a residual 
negative or positive charge.^ 

The use of these rules in deducing electronic formulas may be iUus- 
trated with two typical compounds, acetone and nitiomethane. In the 
ease of acetone, four possible structures might be conddered for the 
carbonyl group. Since only the first of these satires the octet rule and 
the principle of minimum reridual charges, this one may be taken to 
represent the normal electronic structure. The others may be used to 
indicate activated states of the molecule arising from d}mamic electronic 
displacements (electromcric effects, p. 1845). 



The structure of the nitro compounds offers a more difficult prob- 
lem. The first formula leaves each atom with no residual charge but 
violates the octet rule. Although valence shells of more than eight 
electrons may occur with atoms beyond neon (atomic number, 10) 
there is strong evidence that the covalence maxiinum of four is never 
exceeded in atoms of the first period. In the second foimula the octet 
rule is observed; in this structure the nitrogen has a residual charge 
of +1, the 1-covalent oxygen —1, and the 2-covalent oxygen ±0. In 
the third structure the nitrogen has only a sextet of electrons; its 
reddual atomic charge is +2 and that of each oxygen is — 1. Although 
it is posedble that nitrogen may sometimes hold a stable group of rix 
dectrons, the prin<^le of Ttiinimiim residual charges indicates that the 
second formula will represent the normal state. Values of the electric 
mommits of aromatic nitro compounds point to a symmetrical structure 
for the nitro group, but this can be explained on the basis of a mobiie 
pair gS. dectrons shifting back and forth between two oxygen atcms 
(resonance). The dtuation is analogous to the osdllaling double bonds 
in the Kekul4 formula for bensene. ProUems of eteetronie ecmfigoi:^ 
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tibpe Ib (»gamc mdeoules have been attadksd fnan ^ pbpioal by 
vtttieHie means, sueh as stmeoehmsi^ay, speotrosocqido data, heats of 
ocnobtsstien, eleetrio mmaeots, and the paraehor (see Chester 23, pi>. 
1744*18Q4>. 

Sfawlnndc Symbols. Ounog to the oon^ilexity expanded eleo- 
tatHoio fosmulas for orgahie moleouks, various conventions have been 
introduced to amplify the refovaentation of organic structures on the 
baaoB of the deotrcodo theory. Ihe usual aymbol for an atom is used 
to deagnate the atomic kernel, that is, the atom without its valence 
electarons. The traditional bond of organic chemistry, mther expressed 
or implied, is used with a predse significance to indicate a diared ele<v 
tron pair (covalence). A oodxlinate link, or semi-ionic dmible bond, 
may be shown by changing the covalent bond to an arrow pointing from 

the electarcm dmior to the acceptor (A — *> B) or by using the conventional 

+ — 

bcmd and indicating the resulting chaiges by plus and minus signs (A — B). 

Unshared electron pairs need not be dedgnated explicitly, since their 
presence is sufficiently obvious from the number of covalent bonds if the 
valraoe shell of the atom is complete. An unpaired electron in neutrtJ 
atoms or free radicals may be indicated by a small dot or by the symbol 
e (R- or Bne). Ions need no symbol beyond the usual + or — sign, 
but it is frequmitiy convenient to use brackets [ ] to delimit a poly- 
atomic ion. The use of these conventions is illustrated by means of 
iqiedfic examples in the accompanying table. 

Ionic Links. It will be obeyed tbat the condmised electronic 
fimnulas differ from conventional structural formulas only when ionic 
or semi-ionic (oodrdinate) links are present. In the ammonium and 
(fiasoniom compounds the fact that one of the valences of pentavalent 
nitiogen is an electrovalence and differs hrom the other four is well 
established. Stereochemical evidence ” (p. il3) shows that the four 
eoval^ces of nitrogen have a tetrahedral arrangement * but the group 
held by the electrovalence does not have a fixed direction in space and 
is attnujted electrostatically by the ammonium bn as a whob. 

Since nitrogen cannot exceed a covalence of four it might be inferred 
that an ammonium base or salt could not exist in an undissodaied form. 

** sad tTsmn, /. Cl«m. See., UT. 2607 (1S2() : M* Bldswick (rrtmaoM 4 sad S, 

sad aim Pne. ktn, 163 (10401) for s gsatsal <Ss«mioa of tbs 9Sos distribu- 

tiea of covsloMss. 

•tlwtstisibojkslsiWHiswnsp* sniesntobefbsoabrsnsesdlstrftnitUmfardsinsnti 
sdpois msilmiiTO «o«aim«s is foot, sad is llw nonast amassmsot for msaor 4«ovslsi>t 
stosM of ths bidinr psriMfa (sOiooa, Ha, pbospborus. acMoio, sulfur, sdsakna, tsilorlnm. 
ste^. A idsae aSmwemsnt mpptm to oecor in d^vslsBt aMcd, iisBodtumi, sad jdsti- 
smiai sa oetidwililBl smacMaeat oocws in sQ tlw C^oovstait OMapouada tiiat bam been 
sa ami p w i d (elunUsaun, cbitoBiiaa, bon, cobalt, nhWi. pliiitiataa, sto.}. 
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TABIS IV 
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Conv«ntiooal 

Formula 


V/ 

CH. H 

\-~-a 
cb/ ^ 

CH, 

CHr-N=0 

hat 


0 

CHr-l==0 


Elecbooio 

Formula 

H.. . ..H 

c:c 


H'' 


••H 


‘O* 

H<C:CsCH, 
CH, 

H/};N:H 
H J 
CH. 

•• •* 

CH, 

•V* 

•9 90 •# 

H,C!NsO» 




Condensed Eleetnmie 
Fonnnla 


CHr=CH, 


CH] 


,r“^J — CH, 
CT, 
•N— I 


CH,-N-H 

L i 

CH, 

CH,-l-*0 

^U, 

0 

CHr-l-*0 


a- 


0 

CHr-l-CH, 


4 


C,H,-N-CI 

81 

CiBt 

CtEt — 1 >™” 

i,H« 


A, 


Na-CHr-< 3 A 


•• 

50; 

H,C:8:CH, 

;0: 

•• 

0 

CHi — ^ — CHi 

i 

j^Cja,;N;N; j 

:Cl;j [CiHr-N-Nl+Cl- 

C,H, 

C,H,:C. 

C,H. 

CiH, 

C* 



Na+I sCtCsH, 

N8-1;CT[r-C«Bd~ 

•- H 
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' iSluB i&|i^«Boe is oon«et ool^ for the qiiatenoary aarnKM^^ua (xanpounds, 
tmee an uadiasodated fwin d! the otliwr amnaomum oompousds can 
azise by the foimadoo of a oodrdiaate hak involviag 2>coTalent hydro* 
san.” An unionised amine-hydrate may be produced by codrdination 
of a covalent hydrogen of water with the nitrogen atom of the amine. 

(CH0*N: + H-OH ?=t H-OH ?=t [(CH,),N— H]+OH- 

Ainin»a;dnte 


The stability of the undissodated form is due to the resonance effect 
assodated with a hydrogen bond.* 

The tertiary phosphinee, ardnes, and stibinee give rise to quaternary 
(sitions strictly analc^us to the ammonium cation. In the oxonium 
and milfonium compounds, oxygen and sulfur have a covalence of three 
and one electrovalence; no compounds are known with morfe than three 
organic groups attached to o:qrgen or sulfur. Corresponding cations 
derived from the halogens occur only with iodine, in the diaiyliodonium 
salts [C,H5— I— CsHsJ+X'. 

Oxonium salts of the type [ROH 2 ]'*'X'" and [Il20H]''‘X~ are much 
less stable than the corresponding ammonium compwunds. The inter- 
action of an alcohol and a halogen acid can be represented by the follow- 
ing equilibrium, which is analogous to that of on amine and water: 


H 

I 

R— OH + H— X R— 0-» H— X [R— OHj]+X- 

UmoniMd Oxommn salt 

oompi^g 


The most stable types of oxonium compounds are the cyclic structures 
derived from the pyrones. The enhanced stability of the pyiylium and 
p^axonium salts may be attributed to an ability of the conjugated un- 
satoiated ^stem to dissipate the high residual charge on the oxygen 
atom by means of resonance effects. 


A 


a OH 

— ^ RMgX ^ , 

SCT OB BO OB i - - - 

^ i-E k 4 A-E 


R 


HC' CH 

B— i — a 


X- 


Ozi^toic aedcats occur commonly in the alkali metal salts of caiboxylic 
aods, pxh^ob and enoUc forms of ^-dicarbonyl oompxnmds, oxim», and 

*T!wt«ia bond” luw bem uted frequently to indioste tbs uaiqiM bonditig 
ef 8-eovaleat iurdrosea* but ^ds eiiffeMion ie ambicooue end tbe tatm ’'hydtDfa&'bridse" 
aMBWlWtinafatot aw Httsaiiii, J. Org. Chem^ i, 40(» (1996). 



m-ectrootc thbort isay 

compouiubi find in the org&notnetaUic compounds of the 
metals. It will be obswved that all these compounds give rise to 
stnictures in winch the stability of the anion may be increased through 
resonance effects, and that the formation of simple ionized salts is lO* 

TABLE V 

RBeoNATtNa SraccTcraEa or Obojouc Anions 

O O O _ O 5 O 

Ri— Cr— R* Ri— .ill — CH — — R, 5 i± R,| — (!j=CH — ill — ^R, 

JSoolfltA ftfuo& of ft ^-^ketone 

R^H« 


Oziiuftte ftoiofi oci-Nitro uiioii 



Bentyl ftmon ^HQuinocoid form p-Qumo&oid form 


stricted largely to the alkali metals. Organic derivatives of the less 
active metals (such as beryllium, magnesium, and zinc) show a marked 
tendency to form coordination complexes of the Grignard type or to 
produce chelate ring structures (p. 1868) by intramolecular coordmation. 

Expanded Valence Shells. Although valence shells of groups of ten 
or twelve electrons may occur with elements of higher atomic number, 
experimental evidence indicates that the elements lying between helium 
and neon cannot expand their valence shells beyond an octet. The 
hypothesis that the elements in the first period do not expand their 
valence octets, even in the transitory coordination complexes that arise 
in the course of chemical reactions, is of considerable value in correlat- 
ing the reactivity of atoms with their position in the periodic table. 

All efforts to obtain derivatives of 5-covalent nitrogen have been 
unsuccessful. Nitrogen compounds contmning five hydrocarbon groups, 
such as tetramethylammonium benzyl, were prepared by Schlenk ** and 
found to behave as ionized salts, [(CH 3 ) 4 Nj'^[:R]"(p. 529). Attempts 
to obtain compounds with five simple alkyl groups attached to nitrogen, 
by the interaction of quaternary anunonium halides and metal alkyls, 
were ala? fruitless. The products of the reactions indicate that the 
alkyl group derived from the metal alkyl does not enter the val«ice shell 
of the nitrogen atom. Similar experiments with quaternary halides of 

” SoUenk mnd HoIW, Ber., 49, 603 (1916) ; SO, 274 (1917). 

Marvd utd oaBkfaoraton, /. Am. Ckm. See., 48, 26S9 (1926) ; 48, 2m (^7) ; <1. 
84108 (1SS8) ; M, 876 (1930). 


N— O ?=i R— CH— N=0 


R— CH: 




ja R-CH— N; 


N) 






]||>i tbeir valatoe aiidls bejnmui m ootet to a fifth 

grwto (pp. 425'-^).^* Hovcfver, ^ eadsteaoe of &<!07alent halides d 
i^pe BgPCSe aitd RAsCU ^ows that these atoms can hold a group of 
tmi etectitms (decet) vhen attached to highly eleetroDogative dements. 

The marked ^ffetence in the mode of decomposition of the quater- 
nary ammonium bases ** from that of the cmre^nding phosphonium, 
aisonium, and stibonium bases can be accounted for by the assumption 
that nitrogen is unable to hold a decet of electrons, even as an unstable 
intermediate state in the course of reaction. 


[(C*H»),N-CHr-CH,]+tOH]- -*• (C,H,) jj-CHr-CH,-H^OH 

-► H-OH-b (C»H*),N-CHr-CH,: (C»Hi),N: -1- CHv-CH, 

Olftfiaifl tieooinpoaition 


[(C,Hi),P-CHr-CH»3-*- [OH]- 


(C,H,),Pi 


< 


Hr-CH, 

H 


/CHr-CH, 

(CWJ'C' 

N)— H 

Fkiaffiaio deo omp oaitioti 


(C,H,),P-0 4- CH,-<3H, 


In a quaternary ammonium base the 4-cova]ent nitrogen cannot furnish 
a seat for the donor rer^nt (hydroxyl ion) , and the attack occurs through 
acceptor activity conferred upon a hydrogen atom in the /S-position of 
one of the alkyl groups. Elimination of vater leaves the carbon in the 
/J^podtioin with an unshared dectron pair and a high residual negative 
dharge; the unshared dectron prur is drawn toward the center of high 
podtive charge, and the system breaks up into two more stable oonfigurar 
tions, a tmtiary amine and an olefin. In the quatmiaiy phosphonium 
base the cmitcal atom is able, by mqp&^chng its valence shell, to act as an 
acof^tm- for the hydroxyl ion. Subsequent transformations of this 
OompleX result from the tendency d the central atom to revert to an 
octet. E^qmlsian of the hydroxyl ion mmdy reverses the original co- 
mxfinatkm, bat the omnbmaUon of an indpient alkyl anion with a proton 
from the hydrmqd grmip within the conqilex gives an irreversible deoom- 
podtum into the tmtiaiy phosphine-oxide and a parafiia. 

I^yffical elesaeols d au^ 8>^up (sulfur, sdenhim, and tellurium) 
fom ioausednalte of the type [RfSO'^’X" ai^ show littte tendency to 
mqwnd the vdence dkdl to a group of tor. In general, the fmmation of 

w n«oM«aid oogftiwwfm /. aw., 997 am); S126. am am: 3838, 

jiaer tm ; m m. m oam. c/, Ann. tM*. cam. &«. vumMi, w, ite (itoo». 
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a& «agMuuied tvieaee didl occun more readily with of M gl«.r 

atmoic number, and a group of twelve appears to be mme stat^ thaw 

• • 

deoet. Tellurium, for example, fonns a complex amon [CH3— Tel4]-, 
in which it has five covalent bonds and an unshared electron pair. Al- 
though expanded valence shell of ten or twelve electrons might occur 
in organic derivatives of sulfur (sulfinic acids, sulfoxides, sulfonic adds, 
sulfones, etc.), there is definite evidence from measurements of parar 
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R^-S— X R— S— X 


I n 

Sulfinio derivative* 


0 

II 

R — 8 — X 


0 


0 

T 

R— S— X 

i 

0 


in rv 

Bulfonio derivative! 


chors’“ and dipole momenta that the octet structures (II and IV) 
represent the true configurations in these compounds. 

The cleavage of sulfones by alkalies gives evidence of the reluc- 
tance of sulfur to expand its valence shell but indicates that it can do so 
under favorable conditions. The dialkyl sulfones yield an olefin mid an 
alkyl sulfinate; this reaction indicates the direct removal of a proton 
from the ^position and is strictly analogous to the decomposition of 
quaternary ammoniiiTn hydroxides. In the diaryl sulfones the olefinic 
decomposition is inhibited and the reaction is analogous to that of 
quaternary phosphonium hydroxides, which involves a temporary ex- 
pansion of the valence shell. 


R- 


0 

r 

- 8 - 


-CHi-CHr-H -I- [OH]- 


i 
0 

0 

^ T 

CtHs — 8— C*H| "k [OH]~ ■ 

I 

0 


■ 0 

t 

R-S: 

i 

0 


-I- CHf-CH, + H-OH 


0 OH 

C»Ht — ^ — 

/\ 

0 C«Ht 


0 ■ 

t 

CdHs-S— 0 

i 

0 . 


+ C.HS-H 


Covalent orgmiic halides in which a halogen atom exerts a oovw* 
lenoe greater one appear to occur only with iodine, and partteulariy 
in the aryl iodides. At low temperatures methyl iodide forms a e(^ 
dichloride, Cfig— ICI3, which decomposes mto methyl chlor^ and 
iodine monoohloride on wanning to — 30 ®. The unsatorated alb^ 
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amdazj^ iodHies foriQ modi sune stable t&shiorkles, and tbe ai]^ 
otaaiKni&ds y^d a series cS deriratives oontaiiiing 2-ooTaleat iodise 

CHr-i + ca» cHr-i*-a-a i-a + CHi-a 

V M “>« 


C(H| — I 4* Clj — * C(H( — — d — Cl > [CJ5r~I — ClJ'^’Cl” 

(bdoeobenzeae and diphenyUodosium salts) and 3-covalent iodine 
(iodoxybenzene) . 

Tlte formation of the 2- and 3-covaIent iodine compounds and their 
unusual reactions ^ can be interpreted upon the assumption that iodine 
in the link I-Aryl is capable of holding temporarily a decet of electrons 
but shows a strong tendency to revert to an octet. The structures of 
the stable derivatives involve only valence octets. A similar mechanism 


Cl 

[CiH*-I— Cl]+ C«Hr-I*-OH 


C(Hc — I — O + HCl 

lodoaobeueiu 


2R— 10 -4 R— 1*-0— I— R -4 R— I— 0 + R— I 


■ ■*■ + 

lodoiybenieiis 


o 


R— lOi + R— 10 -> R— I— O-M- ^ [R— I— R]+ [lOs]- 

1 DipiwajrUodoaium Bkb 

R 


may be applied to certain reactions of the alkyl halides, and particularly 
to anomalous reactions of the iodide, since the tendency to expand the 
valence shell follows the sequence: iodine > bromine > chlorine. 


CLASSinCATIO]l OF ELECTRON DISPLACEMENTS 

In the development of current theories dealing with the electronic 
nmdutnism of orgamc reactions by Robinson * and by Ingold,^ the 
aetivathm of a molecule is oonader^ to arise largely through active ox 
indp^t election di^lAcranents leading to the development of a center 
of hiidi or low electron density. Chemical change is pictured as an 
deotiieal tear^ction, and molecules ere considered to react by virtue of 
a eoDStitiitiaE^ affinity eitiier for electrons (ekctropbiles) or for atomic 
(aodeophiles). When an deetion-oeekli^c reagent attacks some 
• IfamMon of iMStSoM ^ tlw iodoxv cr«n>P (— lOi) «m Mumb. lUoa. mod 

Wtmam, <atm. &wh laee (!«»}. 



electronic theory 

oentor in an otEanic molecule, reaction will take place if ttie center b 
able to supply electrons to the requiste extent; the development of a 
critical electron density at the site of reaction is an essential ^ture of 
the development of the enei^ of activation. Thus, the medianiam of 
supplying electrons to the reaction zone becomes the main considsn- 
tton; the mote readily the necessary electron density can be furnished, 
the more the reaction will be facilitated. For a nucleophilic reagent the 
primary necessity is a center of low electron density at the site of re- 
action, and groups which withdraw electrons from the reaction zone 
will facilitate the reaction. 

The molecular model which serves as a basis for the modem elec- 
trochemical (electronic) theories of reactions is one that visualizes a 
i^aoe distribution of atomic nuclei and electrons (as point charges) 
maintained by elastic forces about fixed relative positions.’ This sim- 
ple picture has been elaborated, to the dismay and confusion of many 
organic chemista, by the introduction of wave-mechanical ideas of a 
continuous statistical distribution of electron denaty, of quantized 
states, and of resonance (degeneracy). However, the more compli- 
cated picture has served, on the whole, merely to correlate and place 
upon a more definite physical basis a variety of phenomena that were 
long recognized by organic chemists. 

The simpler or the more complex picture leads to the view that the 
electrical specification of a molecule requires a knowledge of two kinds 
of electrical quantities. These are concerned with the positions and the 
mobttlity of the charges, that is, with the state of polarization of the 
system and with its polarizability. Polarizability represents an intrinsie 
susceptibility to polarization, a deformability, which becomes operative 
under the influence of the environment. 

The extent to which a given group in an organic molecule can con- 
tribute to the activation for reaction involves considerations of the 
polanzation and the polarizability of the group, and of the eiectaical 
requirements for the particular reaction. The general acceptance of 
electronic theories by organic chemists has been delayed by the use of ill- 
defined conceptions of "polarity,” "electron attraction,” and “relative 
electronegativities” (p. 1854) along with an insufficient appreciation of 
the duptex ime nhi i niBwi of activation and of the contribution of ti» 
environment (reagents, solvent media, catalysts, etc.). The dreum- 
stance that various reactions, intended to measure relative "polarity” 
or "electronegativity,” do not place groups in an identical sequence m 
to be expected: polarization and polarizability are indejieiMient vari- 
ables, ami their relative contributions vary with the natfore of the reac- 
tion and of the environment.’ 
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Tbe tetlvation of a moleede is consid«:ed to iavoivo two fonns of 
deetsOQ diE|^teiD<ent. Inductive di^laoements, denguated as I effeete, 
arise main^ from an uzteqiul extent of during of the election pair of a 
covalent bond and affect the state of polarisation of the atoms in the 
hnk; these effects rejoes^t a idatively permanent condition of the mole- 
ottle. Eleetromeric (dynamic) displacements, des^piated ab T ot B 
effect, are associated with unshared electron pairs or multiple covalent 
bmids and eoncem primarily the polarisability of the structure; electro- 
meric effects are much more time-variable than inductive effects. 

Ii^ld’s elaboration of the theory has led to the postulation of four 
polar effects, as indicated in the following scheme: 


Etectronic Meohanism * 

/ 

Electhea] Oamification 

Polarization 
(permanent) j 

Polarizability 

(dynamic) 

Oeneral induetiTe (/) 

Inductive [It) 

Inductomeric [Id) 

qrmbol — ^ — 



Tautomeric (T) 

Mesomeric (M) 

Electromerio [E) 

aymbol 


\ 


* Hw nntcUow and Id wm not uwd by IJDSoId but are inuoduoad ben: to avoid ambiguity 
ia retgring to Uua achame. 


In the present state of the knowledge concerning polar effects, the 
validity of this analyms or its practical utility is not tmquestioned. It 
ia omivenieot, frequently, to indicate the g^eral mechanisms (/ and T 
effects) without further reference to permanent or dynamic factors. 

The following paragraphs are devoted to definitions of the terms 
used currently in application of the theory of electron displacements 
in organic reactions. It is essential to have a clear conception of the 
preobe usage of the terms, and to rect^niae the significance and the 
Hmitatioms of the different electronic effects. Furthermore, two differ- 
mit effects may be present in the same bond and they may rrinforoe or 
fippose each clim. In the qrstein C — OH, there is an inductive dis- 
jdacoDunt toward the hydroxyl group and an electromeric effect in the 
(^iporite direction. Each effect can act independently, and the oontri- 
bution in a pren reaction requires a oonsidemtiQn of several factors, 
^ ei|ieeia% the Itedx&wl demand of tire reagent. 

' fSoBseal Hidtictisa Effects. Lewis pelted out that the electron 
|wirof a covalent bond may be shued by the two atconio kemris in such 
a may that there is no •permmmi peda^tion (as in the gymmetricri 
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Huks HgC' ' OHg, H2 N~~NHj, and CJl— Cl)i or the h iniiitig pair mny i)e 
ibtfted toward one atom so aa to pve that atom a fractaonal negatiive 
duHtse and the other at<Mn a corresponding positive charge (as in the 
imsymmetrical tends HjO-NHa, HgO-OH, HgO-a). The term 
inductive ^ect is used to designate a permanent displacement (polm^ 
ization) in which the electron pair remains within the valence shell of 
both atoms. This displacement is restricted by the fundamental 
principle requiring the maintenance of stable electronic configurations 
(espedally the octet rule) and is not regarded as suffiaent in itself to 
produce a reactive molecule. Inductive effects are considered to act 
largely through enhancing or restraining electromeric effects. Experi- 
mmital evidence indicates that I effects diminiRh rapidly in a saturated 
chain and become negligible beyond two or three atoms. 

The direction of incluctive effects is considered usually in a relative 
sense with reference to hydrogen, that is, from the standpoint of relative 
influences of substituents in a g?ven system. A group X would be con- 
sidered to exert an effect of electron release in the compound X — CR3 
if the electron density in the residue — CR3 were greater in this com- 
pound than in H— CR3, Similarly, the group Y is classified as electron- 


X— > — CR3 

— / effect 
(Electron relewee) 


H—CR, Y— (-CRj 

Relereooe +/ effect 

ateodard (Electron attrt^on) 


attracting in Y — CRs, if the electron density in — CRj is less in this 
compound than in H — CR3. Electron release is distinguished by a 
negative sign and electron attraction by a positive sign, so that they may 
he indicated by the symbols —I and -f/ (Robinson).* In structural 
formulas the direction of electronic displacement may be indicated by 
an arrow head placed at the center of the bond (not to be coiffused with 
the symbol for a coordinate link). 

The influence of substituents on the dissociation of organic acids 
affords a simple illustration of inductive effects, and suitable comparisons 
give information as to the relative effects of various atoms and groups. 
The ionization of acetic acid involves the detachment of a proton from 
the carboxyl group by means of a solvent molecule, and this process will 
be govern^ (in a given solvent) by the degree of attraction of the 
acetoxyl group for the proton. 


CHr-COr-H + OH, 5=1 [CHr-OO,]- + [H-OHJ+ 

* la tlui ptmat disousuon tlie sisas attached to I aad E eSecta am tiw i«v«rs» of 
those eupbyed by Ingold, although the (Urections of the effects an considered to be idte 
■une, The riipis need by Ingold indicate the effect of the di^olacement upon tbe gKnqw 
X or Y, ntber than upon — CB,. 
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’WlnOB a aubi^tixeitt is introduced into the add, the influents of ^ stib« 
^tomt rdati've to that of hydrogen is expressed by the extent to trfaioh 
the equilitaium is dkplaoed in one direction or the other. If the sub* 
stituoat ’withdraws dectroos (+/ effect) the proton will be held less 

X~*— CHr"~*“C!Ojr~< — H Y > CH> > C O > ♦ — H 

Inenned aoulitr Diminiabed acidity 

firmly in the carboxyl group and the acidic strength will be increased; 
if the substituent releases electrons (—1 effect) the resulting increase 
in electron density in the carboxyl group will hold the proton more 
strongly and the acidic strength will be diminisbed.^ The constants 
given in Table Y1 show that all the common substituents except alkyl 
groups exert a +/ effect, and the order is as follows: 

F> CI> Br> I> OCH,> NHCOCHs> Cjaj> CH— CH,> H> CH, 

I 

TABLE VI 


Dissociation Constants or SoBSTiTtmcD Acetic Acids 


Substituent 

X X lO* 

Substituent ' 

X X 10® 

— 'CHj 

1.4 

-OCHa 

33 

— H 

1.8 

—I 

75 

— CH**CHj 

4.6 

— Br 

138 

— CeHs 

6.5 

—Cl 

155 

— NHCOCH, 

22.5 

— F 

210 


Owing to the use of an arbitrary reference standard, an effect of 
electron release relative to hydrogen does not imply that the group X 
necesaartly becomes the podtive end of an electrical dipole, nor that the 
atoms in the link X — * — C bear residual atomic chaiges of opposite 
sign (“alternating polarity”). Likewise, electron attraction relative to 
hydrt^;^ does not imply that the group Y becomes the negative end of 
a dipole. This is diown by a conaderation of some specific examples. 

r. j- *•“ *+ + »+ 

;0 ■ > 1' - C ltt HiN < CRt 

•• •• 

In an aikoxide ankin the strong —I effect of the anionic center results 
in the transfer of a email fractional negative ehaige (symbol 5—) to the 
attached carbon atom, and in the alkylaramonium cation the strong 

*• See Dippy. Chtm. Be»., SS. 167 (IMP), for s lUaeufdoB of the infloenoe of eubetitoents 
M the iftwpejbffoli oonetwete of organio edde. 



jslectbonic theoby 


liif 

4-/ effect <rf tiie cationic center leaves the attadred caiboo "witii a 
residual positive charge (symbol 2+).* In both cases tl^ agn of the 
induced charge is the same as that of the polar group itself. With an 
electrically neutral substituent such as cWorine, the +I effect of die 
halt^^ atom does actually create an electrical dipole, and the atoms in 
this link bear fractional charges of opporite agn'. 

A summary based upon Ingold's classification of the inductive effects 
of a number of organic groups, and their relative magnitudes, is given in 
Table VII. 

TABLE VII 
Inductive Effects 


Etedron release (— /) 

— NR> — 0> — S> — Se 
— li> — MgX> — ZiiX> -CdX> — HgX 
— A1R2^ — SiRj^ — SnRs^ — PbRa 
— .C(CH8)8> — CHlCHa)#^ — CHj — CH3> — CH3 


Electron aUradion 
+ + + + 

—OR® > “NRa > — PHa > — AsRa 
+ + + 

“*0R5> *— SR4> —SeRj 

— NR8> — NOi> — AsOaHj 
— SO*— R> — SO-R; — SOr-R> — SOs" 


(+/) 

+ + 

— NR3> — NR-jj — 0R5> -~0R 

— F> — OR> — NRa 

— Br>— I 
—■C^sC-— R ^ — CR=CRa 


Electromeric Effects. Tautomeric displacements occur in systems 
containing double bonds or triple bonds, and in single bonds containing 
an atom that holds an unshared electron pair. In the first case, one 


R— CH^ R— cS 


Dyaaouc electron withdrawal 
or +T effect) 


CsHe^H 


Dynamic electron releaaa 
(— £ or —r effect) 


atom tends to withdraw an electron pair from the multiple link and 
create an electronic deficit in the valence shell of the other atom. In 
the second, an unshared electron pair is released toward the adjacent 
atom so that the covalence of the link tends to increase. 

The symbol E — CH=0 implies that to some unknown extent the 
electrons of the double bond are breaking away from the carbon atom 

• To avoid confusion the symbols + and — are restricted to the desisnation of formal 
(intecral) cbarses of ion* or ionio center*. The symbols S+ and S— are used to indioata 
£raetioiial ohorges acQuirsd through electron displaoenients. 
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to oacysun. The atoataon nuny be ijlotiised 
^ma> tl^ ^^ta^i^^pekA <4 deotrome configuzatira)s in tbe foUomog way: 



Normal atato AetiTatad atata 

Jr-N 

The symbol CeHs — OH implies that an electron pair of the oxygen atom 
can be available for the formation of a double bond with the adjacent 
carbon , atom. Owing to the inability of carbon to expand its valence 
diell, the effect of electron release by oxygen can occur only in the course 
t£ a process involving the dmultaneous release of an electron pair by the 
carbon atom. In the ci»e of phenol, the —T effect of the hydroxyl 
px>up will fadlitate the development of a center of high electron den- 
sity (donor center), at an ortAo- or poro-posation of the benzene ring. 
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Ckaisequaitly the —T effect will facilitate attack of the aromatio 
nucleus, at an ortho- or paro-position, by an eieclronrseeking reagent. 
Tbe —I ^ect in the link C— + — OH does not contribute directly to 
this kind of reaction since it diminishes the electron density in the 
aromatic nudeos; it can serve merely to increase the proton-escaping 
teml^cy of C — ^H bonds in the aromatic system. The effects of sub- 
stituents sudi as — ^NHj and halogens are similar qualitatively to ihe 
—OH group. 

^eetrconeric die^laoranents of dthm: sign (+7* and —T effects) 
will told to be restrained by the oi^iodng influence of the electrical 
chasges tiiat arise ecmcurrently, but otha* restrictkois are more impor- 
tant. 13ect(oa withdlwwal (-fT) is hdd back mainly by the restoring 
liwee of the unstable electronic ccmfiguration (open sextet) of the 
deficient atom, ISectrmirdease (— T) is cevenedby ihe^iporing +!r 
effect of the double bond wdiidi it creates, but tl» main cxmrideration 
l» the ali^lity of the attached atom to transmit the effect ihrouf^ one or 
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tXKn® auiltiple bonds (as in phenol or aniline). Even if ^ attadieil 
at<nb is CB{>able of expanding its valence shell beyond an octet, is 
posable for atoms beyond neon (see coval^oe maxiixia, p. 1829), the reiao 
tivdy nnstable configuration of the expanded shell 'will have a stron g 
opposing influence. Consequently, electromeric effects represent mainly 
an inherent ability of the system to undergo an ^ective electron dis- 
placement und^ the influence of an external p)olar center. 

TABLE VIU 

ElJBCTBOlIlSRIC PoLAlllZABn.niSS (iNOOm) 

—E (Electron rdeaae) 

• + 

”0> — OR> — ORi; etc. 

— NR»> — 0R> — F; etc. 

— 1> — Br> -Cl> — F; -SCN; etc. 

■\-E (Electron vrithdravxd) 

+• 

— 0 =NR 4 > — C=NR; etc. 

— C==0> — C=NR; etc. 

— — OOR^ — COCl^ — COjR^ — CXI — NRs^ — CX!)gj etc. 

type 

' — C«=C; — C**=C — C=*=C; “CgHgj etc. 


Polarizability ^ecte are concerned with the mobility of the eleo* 
tronic system and are considered to have greater time-variability than 
inductive effects. Since chemical reaction is assiuned to occur only in 
molecules in an exceptional (activated) state, the momentary surge of 
electron density associated with the dynamic effects is intimately 
bound up with the process of activation (p. 1862). The dynamic com- 
ponents {li and E) are considered to be capable of giving a direct 
impetus to one course of reaction but incapable of exerting a direct 
opposition to an alternative course. 

Mesomelic Polarization (Resonance Effects). There is physical 
evidence that molecules containing two appropriately di^>osed electro- 
meric systems of opposite types form a molecular dipole. The resulting 
internal compensation of the dynamic effects of electron release and elec- 
tron withdrawal leads to a dimini^ed activity of the sjratem toward 
external donor and acceptor reagents. In the system illustrated, the 
permanent polarizatioD reduces the basic strength of the amino groi^ 
and depresses the reactivity of the carbonyl group. Robinson, beg^i- 
ning in 1926, developed a number of gMieralizatious pertaining to struo* 


•O- ^ ^ 

RiN— CH— CH— CH— O 


CH— O 



IjMs df ^liis Mod, ndticb were dasafied later aa “betero* 

eiudd,’'’ “batlo-CTOid,” and **nettt]*aluBd” qrsteinB.* Examides of these 
sHriMtaies emi dieir dukiacteristie behavior are dkouesed later (po^ 
fonet^nal deelkaneiio qy^ems, pp. 19(^1928). 

A comeptkm cd *'dfictranic ste^” which ia essentially Ibe same as 
the lesonaaoe prine^de, was adombmted by C. K. Ingold and E. H. 
Xngold in 1926. In its sabseqnent devdopment the terms ‘‘meaomer- 
ism” and "tautcnnmc d^neracy” were introduced, and the permanent 
state of polarisation associated mth electromerio effects was designated 
as a mesomerie effect (symbol M). 

Ibe magnitude of the mesomerie effect in a given system such as 

(I) will depend upon the relative stalulity of the alternative structure 

(II) . Mesomerie polarization of (I) requires that X increase its cova- 
lence by one unit and acquire a cationic charge, and the opposite change 
for Y. The presence of pre&dsting electrical charges on X or Y will have 

X-<^-C==C— Y 

I It 

an important influence. Electron release by X will be facilitated by a 
negative charge, and suppressed by a positive charge. Obviously, elec- 
tron withdrawal by Y will be influenced in the opposite way by electrical 
dbarges. 

TABLE IX 
MsaoiacBic Errsen ” 

—M effect of X 

{EUetrm rdeoM and increoM of covalence) 

—Ok® > —NR > — O 

+ - + 

— NR> —NR®; — 0> — OR> —OR®; — S> — 8R> —SR® 

— NR®> — OR> — SR> ■ — OR; — F> — Cl> — Br ^ —I 

+M effect of Y 

Electron aUraeUm and decrease of covalence) 

+ 

vNBl^ “=NR| =0 (e.g., in — CJ=*8 and — 0=»0) 

•*<» ■•NB> ■■CR® (eg;., in — C3«0, — C»NRbiu1 — N™^, — N*NR) 

wiff (eg^. in — CWI and — NsN) 

^leWrfltoiaiai* — WtAvtitftlwIialoaaDthtiMrmfwof ta®t|i*«nbta®ili®tadai(m. Th* 
S)f ts* mbiwt e< modi ooBttoMnqr oviBS to tfa« dranaMtane* 

llat MWHd lemm-On opmdvo. 9m • condm ifl a ri — fcia of tbo four dldtaot pillar iSaew of 
^p^SaSte aaa ffira teA /. Citm. Mm, «T aMt). 
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JaAwUmsth Polai^bffity. in 1933 Ingold intioduced the tem 
n^ctwnenc polan2abdity to deagnate a polarizability effect arising in 
an^e bonds during course of reaction by an inductive 
that IB, a polarizability effect associated with changes in the Glaring of 
the tending electron-pair under the influence of a reagent. This eon- 
c^t IS the counterp»rt of the idea of a permanent polarization 
with an electromeric displacement (mesomeric effect). 

Polarizability effects are due to the deformability of one molecular 
system under the influence of the polarizing field (polarization) of an- 
other. Thus, the close approach of an eirtemal polar center may alter 
the normal distribution of the electron pair of a covalent bond through 
the deformii^ action of its polariring field. The response of a given 
system to this effect will depend upon the polarizability of its members 
(see bond polarizabilities, p. 1856 ). 

A-^B [X]- A~B 

Noiib&l (rcffting) st&tE Opnaouo rGtfpo&AO to reocont 

The contribution of inductive polarizability effects is of particular 
significance in the alkyl groups. These groups merely exert the polar 
effects which are impressed upon them by other groups in the molecule. 
The general inductive effect (relative to hydrogen) of CH3 — , and all 
saturated alkyl groups, is zero if the comparison is made between 
CH3 — CH3 and CHa — H; but CH3 — exerts a weak effect of electron 
release (— /) if CH3 — CO2H and H — CO2H, or CH3 — CeHs and 
H — CgHs, are compared. Since the common organic substituents 
( — NH2, — OH, halogens, etc.) have a stronger attraction for electrons 
than do alkyl groups, the latter will usually exert an effect of electron 
release. In combinations with groups of lower electron attraction, the 
oppc^te effect may be expected. 

Alkyl groups are more polarizable than hydrogen, and in the course 
of reactions one may expect this property to result in a dynamic effect 
such as CHa — *~C relative to H — C. Ingold makes this statement:’ 
“It is provisionally assumed that an inductomeric polarizability is the 
same for both directions; this would surely hold for small electron tfis- 
placements, but it is imlikely to be more than roughly txue for displace- 
ments of the magnitude of tho^ which occur during reactions.” Ingold’s 
dasafication of the inductomeric polarizabilities of typical substitumts 
is presented in the following tabulation.* 

* For Faiwts’ saneraluntioiu relatisg to defonn&tion and detorm o bititiao of iiBiM, cm 
p. 18S7. Ttw “dofonnation rulea" of FajaiiB may be used uualitativdy to eeUnutte tbo 
rel«tiv« teadwuw of oovalent bonds to vindergo ioauaUon under eompartiit amdilim*, 
•ad also ta astiatate tba rebti'ro stidiOity of Mtpudc kms. 
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- + + 

—O — OR> —OR*; — NR*> —NR*; elo. 

— OR*> — NR 4 > — 0R> — F; etc. 

— 1> — ^Br> — a> — ^F; etc. 

— C®*> — CHB*> — GH|R> — CH*; — CHt> — H; etc. 

It is evident that there are certain special types of organic reactions 
which cannot be dealt with adequately on the basis of the four electronic 
^fecta outlined in the preceding paragraphs. When a reaction involves 
redistribution of atomic nudei among themselves (tautomerism, and 
inlramolecular rearrangements), the introduction of additional special 
princifdes is required. Furthermore, the two mechanisms of electronic 
displacement have been considered from the standpoint that all the 
electrons are paired, and cannot be applied without extension to mole- 
cules t^iat contain an unpaired electron (free radicals). However, the 
mariked tendency of unpaired electrons to form pairs (rule of two) and 
rile anomalous properties of systems containing an unpaired electron 
(odd molecules) justify the assumption that the most characteristic 
reactions of covalent bonds involve retention of the binding pair by one 
atom of the link rather than fisdon into free radicals. The formation of 
free radicals and the interpretation of their chemical behavior will be 
oonsidaed elsewhere (p. 582 and pp. 1928-1934). 

POLAR CHARACTERISTICS OF COVALENT BONDS 

Reddual Charges. In a symmetrical covalent link, A — A or B — B, 
rile binding pair of electrons is distributed equally between the two 
atomic kernels, so that in the normal or average state tiiere is no perma- 
nent polarization of the link. In an unsymmetrical covalent link A — B, 
the dectiron pair may be shif^ toward one atom and away from the 
other, so that A and B acquire fractional charges (Sdb) and an electrical 
dipole is (seated. Frcnn estimations of the dipole moments of individual 
EqJcs and of the distances between the atomic nuclei, Sidgwick * has 
calculated the approximate extent of this displacement, or the inequality 
cl riiaring of the dectron pair, in a number of the common covalent 
feifea. These are shown in Table X, where the hnks are written 
with the pooilp^ Wd of the dipole at the left, and the symbol Id: 
e;;qnes8es ^ipridual (hargc as a fraction d the charge of an dectron 
(^.77 X |i^^*eJLU.). 

Ube^Xaiee of a tmciual charge on the atoms of a covalent bcmd 
doai iti|df give rise to a condition of instability. Pauling has do* 
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TABLE X 


BmDVAii Chaboba uj CovaiiBkt Lnncs (Eto fl w i c K ) 


Link 

Moment 

intemnelear 

^ in 


t+ 6- 

^ ! 

(ABX<1) 

Distance d, in 
Anggtrdm Unite 

Electro- 
Btatic Unite 

Eleetoim 
^ Charge Unite 

H— C 

0 2 

1.14 

0.18 

0.04 

H— N 

1.3 

1.08 

1.2 

0.25 

H— 0 

1.6 

1.07 

1.5 

0.31 

H— P 

0 65 

1.24 

0.44 

0.1 

H— S 

0.8 

1.43 

0.6 

0.13 

H— Cl 

1.03 

1.27 

0 81 

0.17 

H— Br 

0.78 

1.41 

0.56 

0.12 

H— I 

0.38 

1 61 

0.24 

0.06 

C— N 

0.4 

1.48 

0.3 

0.06 

CteN 

3.3 

1.15 

2.9 

0.61 

c-o 

0.0 

1.47 

06 

0.13 

c=o 

2.5 

1.27 

2.0 

0.42 

c— s 

1.2 

1.83 

0.7 

0.16 

o=s 

3 0 

1.69 

1.9 

0.40 

C— F 

1.5 

1.45 

1.03 

0.22 

c— a 

1 7 

1.74 

1.0 

0.21 

C-Br 

1.6 

1.90 

0 8 

0.17 

O-I 

1.4 

2.12 

0.7 

0.15 

N— 0 

0 6 

1.41 

0.4 

0.08 

N==0 

1.9 

1.21 

1 6 

0.34 


"veloped the that a angie bond may be described as lesotariag 
between the covalent extreme and the ionic extreme. If the extrme 
covalent structure A:B corresponds to the same bonding energy as the 
extreme ionic strueture A"*" :B~, then the two structures will contribute 
equally to the actual state of the molecule, and the actual bond energy 
will be greater than the bond energy for either structure alone by an 
amount equal to the interaction of the two structures; that is, the m(de* 
cule will be stabilised by resonance between the two structures. If one 
of the two extreme structures corresponds to a greater bond energy than 
the other, the more stable structure will contribute more to the actual 
state of the molecule than the lees stable one, and the actual bond energy 
vrill be somewhat greater than that of the more stable structure. In 
dealing with the properties of single covalent bonds it is eom^nmt, 
instead of referring to resonance between the extreme etruetuzee, to 
describe ^ bond as a covalent bond with partial ionic chmwiter. The 
ionic oontribution is exceedingly small (less than 2 per cent) in symmet* 
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ikitl sueh BB H— H and Q— d, and in bonds betxveen atoms <d 
iWiitar ^tctron^tivity such as Br-— Cl. The ionic contaibudon be* 
ccanes greater when the atcms in oomlnnation are quite different in eleo- 
tronegatiAuty. 

The fact Ibat atoms cff a covalent bond bear fractional charges does 
not mean that there is no essentia! distinction betiveen a covalent and an 
kmie bond, nor does it imply that a covalent molecule A — B exists in 
equiHlnixun witb the ion pairs A"*" :B~ and AT B"*". Theoretical con- 
sideratitms and experimental evidence sup]x>rt the view tbat in the great 
majority of links the bond will be due almost entirely either to electron 
tuning (covalaice) or to electrostatic forces (electrovalence) . In typical 
singile covalent links the inequality of sharing of the electron pair (partial 
ionic character) does not usually exceed 20 per cent (i±0.2), and in 
typical ionic links the reduction in dipole moment resulting from mutud 
deformation of the ions is usually less than 20 per cent. 

Bond Energies. The amount of energy evolved in the formation of 
a molecule A — B (in the gaseous state) from the two neutral atoms or 
radicals A* and *8 (in the gaseous state) is called the bond energy. 
The bond energy represents, conversely, the amount of energy required 
to dissociate a gaseous molecule of A — B into the neutral atoms or 
radioab A* and -B. Empirical values of bond energies of simple dia- 
tomic molecules may be obtained from tbermochemical or spectro- 
scopic data, and average bond energies for individual bonds in poly- 
atomic molecules may be calculated from heats of combustion, or beats 
of formation of the compounds, together with the heats of formation 
of the products of combustion (CO3 and H2O) and the heats of forma- 
tion of the atoms from the elements in their standard states. The values 
of a number of bond energies compiled by Pauling * are given in Table 
XI; these values are for actual bonds with partial ioiuc character and not 
for extieme Odeal) covalent bonds, and are designed only for use with 
atoms having ito formal electrical charge. For molecules that can be 
r^iesented by one valence bond structure (non-resonating systems), 
titeae bond-ei^gy values are additive and the sum gives a fairly good 
approodmation to the heat of formation of the compomd from the 
atoms. For omkoules that can have more than one valence bond for- 
mula ^vaonatiug systems) the actual heat of formation as found ex- 
peinmtaOy il ghater than tim mun of the individual bond energies, 
and the diffsiwee r^ucaents the degree to which the moleoile has been 
atabiltaed hy nuemanoe among the several fonnulas. 

H an nnajmaetrioal oovalmit bond A — B were an average of the 
n^mmetrical bonds A— A and B— -B, and no p^tnii^g factors bter* 
vmwN^, one wotdd eapeot the value tiie bond enragy D(A — B) to be 
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TABLE XI 


SutaLE! Bond Enxbot Valtjto (PAutJNa) 
(In kiloMlorie* pear mole) 




Symmetrical Bonds 



H-H 

103.4 

P— P 

18.9 

F— F 

63.5 

C— C 

5S.6 

As — As 

15.1 

a— d 

67.8 

Si—Si 

42.5 

0-0 

34.9 

Br — ^Br 

46.1 

Ge — G« 

42.6 

s-s 

63.8 

I— I 

36.2 

N— N 

20.0 

Se— Se 

67.6 




Unsymmetrical Bonds 



C— H 

87.3 

C-S 

54.5 

P— Cl 

62.8 

Si— H 

75.1 

C— F 

107 0 

P— Br 

40.2 

N— H 

83.7 

C— Cl 

66.5 

P— I 

35.2 

P— H 

63.0 

C-Br 

54.0 

As-Cl 

60.3 

A»-H 

47 3 

C-I 

45 6 

As — Br 

48.0 

0— H 

110,2 

Si— 0 

89 3 

As— I 

33.1 

S-H 

87.6 

Si— s 

60.9 

0— F 

58.6 

Se-H 

73.0 

Si— F 

143.0 

0— Cl 

49.3 

H— F 

147.6 

Si— Cl 

85 8 

S-Cl 

66.1 

H— Cl 

102.7 

Si-Br 

69.3 

S — Br 

67.2 

H— Br 

87 3 

Si— I 

61.1 

Se— Cl 

66.8 

H— I 

71.4 

Ge-a 

104 1 

Cl— F 

86.4 

C-Si 

67 6 

N— F 

68.8 

Br— Cl 

62.7 

C — N 

48.6 

N— Cl 

38 4 

I— Cl 

61.0 

0-0 

70.0 

N— O* 

57.0 

I— Br 

42.9 



Multiple Bond Energy Values 



c=c 

100 


C=N 

94 


<^c 

123 


feN 

144 (in HCN) 

c=o 

142 (in CH^) 

C=N 

150 (in RCN) 

c=o 

149 (in RCHO) 

C=S 

103 


c=o 

162 (in RCOR) 

N=0 

113 • 



* The T&lun for N — 0 and N=0 were obtained from the beata of combustion of ethyl nitrstOy 
dimethylaitrosaoninei aoetoxiinee and nitrosobensene by makmg them consistent within themselves 
and with suitable resonance eoerfi^ The val\» 57 kcal. for N — O indudee the enersy of the resonanee 
^ NssOH see Branch and C^vin, “The Theory of Organic Chemtstry/* Prentice- 
Hall, Xno., New Yorh (1941). 

equal to the arithmetic mean of the oorresponding symmetrical bond 
energies i)(A— A) and i)(B — B). On the basis of the theory of ionic 
icsonance in covalent bonds, Pauling * has postulated that the actual 
bond energy of an uns 3 niunetrical molecule A — B trill always be greater 
than or equal to the arithmetic mean. The differ^ce A would never be 
negative, and will represent the extra ionic resonance energy of the 
unaynametrical bond: 

A - J)(A— B) - J[D(A— A) + D(B--B)] 



(»KUkNiD cxD^fisiinr 


mm 

l%e postalate of the aiitiuuetie mean * is valid for a large number of 
ski^ bonds, and Uie values of A have been used by Pauling as the basis 
for formulating an extensive scale of electronegativities of the elements. 
The A values (extra ionic energy) of a number of bonds are shown in 
Table XU, which gives also the empirical electron^ativity difierences 
(atjt ■” *b) derived from Hiem by the method described below. 

TABIiE XII 


SxTBA Ipmc Enxbot or Bom>s amo £i.xcTBoineeiLTmTr 
DirrEBBNciss or Atoms (Pauuno) 



A 

1 ^ 



A 

J ^ 


Bond 

kcal. 

\ 23.06 

*A ~ ®B 

Bond^ 

kcal 

\ 23.06 

®A - 

C3— H 

6.3 

0.62 

0.4 

Si— F 

90.0 

1.97 

2.2 

Si— H 

2.1 

0.30 

0.3 

Si— a 

36.6 

1.24 

1.2 

N— H 

22.0 

0.98 

0.9 

Si— Br 

25.0 

1.04 

1.0 

P— H 

1.8 

0.28 

0.0 

Si— I 

11.7 

0.71 

0.7 

Ab— H' 

-12.0 

— 

0.1 

Ge-a 

63.9 

1.63 

1.2 

O— H 

41.0 

1.33 

1.4 

N— F 

27.0 

1.08 

1.0 

8— H 

3.9 

0.41 

0.4 

N-a 

-0.6 

— 

0.0 

Be— H 

-7.6 

— 

0.3 

P-Cl 

24.4 

1.03 

0.9 

H— F 

64.0 

1.67 

1.9 

P— Br 

16.7 

0.86 

0.7 

H— Cl 

22.1 

0.98 

0.9 

P-I 

7.6 

0.68 

0.4 

H— Br 

12.6 

0.74 

0.7 

Ab— a 

23.8 

1.01 

1.0 

H-I 

1.6 

0.26 

0.4 

Aa— Br 

17.4 

0 87 

0.8 

C-Si 

7.0 

0.56 

0.7 

A»-l 

7.4 

0.67 

0.6 

C— N 

0.3 

0.64 

0.6 

0— F 

9.4 

0.64 

0.6 

C— 0 

23.2 

1.00 

1.0 

O— Cl 

2.9 

0.36 

0.6 

c-s 

6.7 

0.54 

0.6 

S— Cl 

6.3 

0.48 

0.6 

C— F 

45.9 

1.41 

1.6 

S— Br 

2,2 

0.31 

0.3 

C-C3 

8.3 

0.«I 

0.5 

Se— a 

9.1 

0.63 

0,6 

C— Br 

1.6 

0.26 

0,3 

a—F 

15 7 

0.82 

1.0 

O-I 

-1.9 

— 

0.0 

Bi— Cl 

0.7 

0.18 

0.2 

a— 0 

60.6 

1.48 

1.7 

I— a 

4.0 

0.42 

0.6 

a-B 

7.7 

0.68 

0.7 

I— Br 

1.7 

0.27 

0.3 


The EtectFonegativity Scale. The values of A are a measure of the 
knuo dbuacter of the covalent bond A — B, and it is observed that A 
increases as the two atoms A and B become more and more unlike in 
e^tgronegativity; conversely, the A values become very small when the 
tiro atoam in oombinatiou are alike in dectronegativity. Thus, in the 
am H— r, H— Br, H— I, the A values are, reepectivdy, 64.0, 

Sai, 12.5, and 1.8 kcal./mole, Mid in the series H— C, H— N, H— 0, 
Br- 'F the values are 8.3, 22.0, 41.0, and 64.0 kcal./ nmle. 

metaMrk mtaa, {l>(A*-A} bui bMo ihom fcgr FsnUag to 

aommrhAt bu>i« M^««toi7 vaLom of a, portiettiiuty when th* qrauikettleAl bond aMiviw 
diffor sreoUy bom e«cb otli«r. The arifJunetio and gaometrio nwana ^ar but di^tly 
Of obuma, whan tb* beiut datw ftttu one ano^ fay AmB Unouats. 

t 
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The property of electronegativity referred to here is the power of an 
atom in a molecule to attract electrons to itself and is closely w-lrin to the 
intuitive notion of electronegativity as used by organic chemists. Thia 
property is differmit from the electrode potential of the elmnent, or the 
ionisatimr potential of the atom, or the electron affinity of the atom. 

By analysis of the A values Pauling was able to assign to the elements 
electronegativity values which satisfy approximately the relation 
Aab ■* (^A ~ xb)^, where xa and ib represent the electronegativity 
values of the atoms A and B. In formulating the electron^ativity 
scale the A values are expressed in electron volts (1 e.v. = 23.06 kcal.), 
since this gives a convenient range, and an additive constant has been 
chosen to give the first-row elements Li to F the values 1.0 to 4.0. 

TABLE Xni 

PAtJLiNO’a EnECTHONxaATmTT Scale or the Elements Showinq Relation to 

THB Pebiodic Table 

H 

2.1 




li 


Be 

B 

C 

N 

0 

P 



1.0 


1.6 

2.0 

2.6 

3.0 

3.5 

5 

4.0 


Na 


Mg 

A1 

Si i p 

S 

Cl 






0.9 


1.2 

1.6 1.8 i 2.1 

2;6 

3.0 





K 


Ca 


• G« 

As 

Se 1 Br 






0.8 


1.0 


: 1.7 

2.0 

2.4 ; 2.8 






Rb 


Sr 


. Sn 

Sb ! Te 

I 1 

i 





0.8 


1.0 


• 1.7 

1.9 j 2.1 

2.4 ; 








1.0 


1.6 

2.0 

2.5 

3.0 

3.6 

4.0 


XYBluea 


This electronegativity scale is particularly useful since it provides 
definite comparison of atoms from different groups and different hori- 
zontal rows of the periodic table. Such information is of value in corre- 
lating experimental observations, in the development and refinement of 
organic chemical thwMies dealing with the relative tendencies of various 
atoms or groups to retain the bonding pair of electrons in a zeactioQi 
and in other ways. Moreover, by means of Pauling’s empirical curve 
relating tiie per cent of ionic character for a bond A — -B with the electro- 
negativity difference (xx - xb), it is possible to obtain a &iriy good 
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mm 

icmao dNimoter of a vaiiel^ ol b(atds for which iu> «cper^ 
data are availatde. 

'Ilbe X vahiea of tiie ^eotr(ffi<^tivity aeale apply to atoms ivitix a 
lOamaliAAige^aesco. Fauling has eatinrated l^e effect (rf fonnal chaige 
Ola the z yahies in the ioUoenng eray. Ihe inerearing elecIxonegaUvity 
loar a araies of atmos in the same horizontal row, such as C, N, O, F, can 
be at^bated to sacoesave increase in the effective nudear diaige act- 
ing on the vatence electrons. The successive increments in the x values 



Faulioc’s empirical curve relating amount of ionic character of a bond A — B to the 
difference in electronegativity of atoms A and B (za — zb). 

in this series (i.e., in going from N of NRg to 0 of ORg, etc.) correspond 
to an increase of about 0.6 (in electron charge units) in the effective 
nuclear charge, this amount being the increase in actual nuclear charge 
(Hhl) diminished by the screening constant of one valence electron for 
anothar (about 0.4). In going from N of NRg to [NR*]'*', in which 
nitrogen has a formal charge of +1, the increase in effective nuclear 
charge will be 0.4 sinoe the actual nuclear charge remains unchanged 
but the screening effect is diminished by one electron. Thus, a unit posi- 
tive fcumal charge will increase the x value for an atom by about of the 
^stance to the next atrnn to the right in the periodic table; conversely, 
a unit n^ntive formal diaige will decrease the x value by about ^ of the 
dktance to its left neighbor in the periodic table. If an atom forms bonds 
wMdh are lazgdy ionic in character in addition to the bond under oon- 
atieration, an etrtimate of the effect of the actual charge on toe x value 
may be obtained by the same general method used for formal charges. 

Bond I^dadtabffttfaa. The ruptore of a covalent bond in the course 
cd reaerion invdlvea factora other than the extent of poiarizalion in the 
mmnal state. 'Ihe presence of permanent reridual charges has an mientr 
lof Infiuence, but the main oonrideration ia tlw extent to which the 
atoms of toe btmd are capable of undergoing a temporary polarization 
toe inffiteaee of polar eentem iff the reagcmt, t^t is, the pdarim- 
hli!^ of toe bond. 
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The relative pdarizal^ty of covalent bonds depends pninai% apoa 
t^e relative mobility of elections within the systems, and can be de* 
daoed from refractivities. Since the refraction of light in the '^tde 
nagiAn is doe to the displacement of eLectrons end not atmmc nncl^ 
it is possible to assign "constants” to groups of dectarons rather than to 
atoms. Detailed analyses of molecular refractions " have led to bond 
refractivities (symbol Pg), and from these values the bond polarizabil- 
ities (symbol a) can be calculated. Smce the bond r^ractivities and 
bond polarizabilities have a linear relationship {Pg = the 

former may be used directly for the comparison of bond poiarizabilities. 
The polarizabilities of some typical bonds are shown in Table XTV, in 
which the Pg values given for systems containing unshared electron 
pairs include the contribution of the unshared pairs. 


TABLE XIV 
Bond Rbveactivities 


Bond 

Pb 

Bond 

H— C 

1.70 

C-C 

H— N 

1.8 

C— N 

H-0 

1.85 

C-0 

H— F 

1.9 

C— F 

H-a 

6.OT 

0-43 

H— Br 

9.14 

O-Br 

H— I 

13.74 

C-I 


Pb 

Bond 

Pb 

1.21 

C=C 

4.16 

1.66 


6.02 

1.43 

c=o 

3.42 

1,6 

F- 

2,4 

6.67 

a- 

9.0 

9 47 

Br- 

12.6 

14.60 

I- 

19.0 


The effect of electrical charges on electron mobility is ^own by 
comparison of the hydrogen halides and the 

further illustration is afforded by the senes [OH] , H 2 O, and^O] , 
where the refractivities are 6.1, 3.76, and 3 0, resp^vety _ 
ence of multiple bonds is indicated by companng O-C with ^ and 
C^; the refractivity of the double bond b 2.075 ^ 

the triple bond 2.01 per electron pair, and the smgle ^nd 1.21. 
indica^ that the double bond is almost twice as ^ 

single bond, but differa very fittie from 
akffity.** The low polarizability of the smgie ^d 
also fcr tile rapid diminution of inductive rffects m a 
Sn^and the greater polarizability of C-O for the abihty of unsatu- 
rated systems to transmit them with much smallerloss. 

of tb. bond. C-X folio. tt» »me order » to 

Molamaw Struetwv.” Cheuiical C»t^ and Son* 

■ “Watefc "PlWticJ Aapect. of Organic Cbemartry, Bonticdge and son* wnaoo 

(1S35). 



fWmil ot tiie halides ia zoetathelieal laaeiaons iavolvi&g 

elhidaaMon the hafide anion. It most be recognised^ however, lhat 
pciansability effeets can ootnir in eitiiw diieetbn, and a hi g h polarisa* 
of systems containing an unshared deolron pair may be r^M 
to the teod^u^ to fonn additional covalent links by codzdination with 
an aco^tor center. 'Zbe stability or reactivity of tbe resulting stmo- 
tores involves a number of other factors and cammt be predicted directly 
&mn the relative polarizabilities. 

ajtssmcAiioif or cssmical ssacttvitibs 

Organic molecule may be dashed Buperfidally from the standpoint 
of the electronic configurations of the valence shells of the principal 
atoms, but the important consideration in dealing with chemical re- 
actions is the behavior of their active centers relative to other systems. 
The classification of reagents as adds and bases, or as oxidizing and re- 
ducing agents, is merely a convenient expression of their activity rela- 
tive to one another. Within a given category it is possible to place 
reagents alot^ a scale of relative affinities to express the activity of 
adds, or oxidizing agents, relative to each other. Obviously, the pos- 
session of one dominant characterktic does not necessarily imply the 
aiwence the oppodte property; a base will act as such in contact with 
a reagent that is less basic than itself but can act as an acid in the pres- 
ence of a reagent more basic than itself. 

Acids and Bases. Lewis ‘ has given the following broad definition 
of baddty and acidity: a bade substance is one which has an undiared 
pair of dectroos which may be used to coiiq>lete the stable group of 
another atom, and an acidic substance is one which can employ an 
undiaied &om another molecule in completing the stable group of 
one of its own atoms.* Thus, acetic add is addle with reference to 
hydrocarbons, alcohols, and amines, all of which are relatively stronger 
dectxon donoia, but it is bade with reference to hydrogen chloride, 
whidu is a wetter electron donor. It is posdble to arrange molecules 
and ions in the coder of their acidic or bade activity relative to a definite 
mtoion, but it is not to be expected that the identical sequenQp will 
be maintained toward all reagents cS either type. 

Oxidi|^m ittd Reduction. A consideration of oxidation and leduo- 
taon shc^ that the redudng agent donates eleetrons, or a diare in its 
eleot»tlk|(§ to ixe oxidizing agent. Ccmsequently, md^tion and reduc- 
iSnm analdgooB to basidty and addity ftom the standpoint of the 
|||dMn6tfad ^electrosuc ohaiaoteiistios cf the active oenteis. Bases 
*aM. «iM>, Zinder. Chmn. 2tw.. 17. M7 

i;* , 
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and Inducing agents are electron donors; adds and oxuiidng agents are 
^tron aoeeptMB. In any category Uie reagents may be mibdivided 
into two groups, depending upon whether they act by donating or 
accepting electrons completely or by a sharing process. For example, 
an SiCtive metal or ion (Na- or Fe"*'”^ usually acts as a reducing agent, 
or as a “base,” by donating electrons completely; covalent molecules 
(SOj, NHj, etc.) usually act by donating to an oiddizing agent, or to an 
acid, a share in previously unshared electron pairs. Sulfur dioxide acts 
as a reducing agent by virtue of the unshared electron pair in the 
valence shell of the sulfur atom; it can act also as an oxidizing agent or 
acid, by virtue of its ability to accept an unshared electron pair from 
another molecule or ion ([OH]" or NHg). 


0 0 

r T 

:s=0 + HO— X -» X-S— OH 

i 

0 

SO] M eUctTOB donor 


0 

t 

:S=K) + [OH]- -4 


~0 

T 

:S-OH 

1 


Lo 

80 ] M tlectron %ooeptor 


Cationoid and Anionoid Activity. Following Lapworth’s proposal 
that reagents should be classified as anionoid or cationoid according as 
they resemble active amons or cations in their behavior, Robinson has 
arranged the active centers of typical reagents into two groups indicat> 
ing their behavior relative to one another in the course of reactions 
(Table XV).* It must be emphasized that the terms cationoid and 
anionoid are not intended to imply that the nature of the electro- 
aflBnity depends upon the state of polarization of the reactive system. 
These names refer to the characteristic acceptor or donor activity oi 
reactive cations or anions. 

Electrophiles snH Hucleoidiiles. Ingold has designated reagents 
which donate their electrons to, or share them with, a foreign atomie 
nucleus as nudeophilio; reagents which acquire electrons, or a share in 
electrons previously belonging to a foreign molecule or ion, are termed 
eleotiophilic. The broad classification of organic molecules and re- 
agents as electron acceptors or electrophiles, and eteotron donors ot 
nudeophileB, emlu'aoes also the nairower clasmfications (adds and bases, 
oxkiyng and reducing agents). It is evident, tiieref(«e, that all the 
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lae^tods of ^kadfyiog tiie electsoaffioittea of otganks zndecnles aod 
ttsagmta ^ based ttpon essentialfy the same {mociples and the tame 
deeteoehemical eonce^ of ohemical activity (p. 1S40). 

TABLE XY 

CLABSoncAtiON oi> Rsaounts (Lapwokth-Robinbon) 

Anionoid (Electron-donating) 

Beaetm aiuoss: [OHJ“ ICNJ~, {OFtJ~ [CH(COiEt)»J~, etc. ' 

Moleoules oontoiniog uiuhared electron pain: N of NHj and aminea; O of HjO, 
ethen, alddiydee, ketones; S of mercaptans. sulfides; etc. 

Reducing agents: Fe'*"*'; metals (as sources of electrons). 

Hydrocarbon residues of organometallic compounds; R — of Rr— MgX; R — CfeC — 
of aoetylides; etc. 

Unsaturated carbon of olefins and of aromatic compounds: CHj=CHi; CVH«. 

Neutral atmns and free radicals (common to both classes). 

CatiomoU (EUdran-acceyling) 

Protons and proton sources: acids, etc. 

Reactive cations: [HtO]'*', diaaonium ions, cations of pseudo bases (e.g., cotarnine). 
Metallic atoms with incomplete vidence shells, capable of co6rdination: HgRt, etc. 
Alkyl lesidueB of esters, alkyl halides, and quaternary ammonium compounds: 

(CH,)iSO*, CHr-X, |(CH,)«N]+ etc. 

Halogens, aa<me, peroxideB, and oxidizing agents: CrO«, MnOi , etc. 

Carbon of carbonyl groups (aldehydes, ketones, esters) and nitriles. 

Nitrogen of nitroso and nitro compounds, and nitric acid. 

Sulfur of SOz, HjSOt, NaHSOj. 

Neutral atoms and free radicals (common to both classes). 

Fomtilatkm of Boaction Mechanisms. It must be recognized that 
the formal clastoficaiion of reagents as electrophilic and nucleophilic, or 
catioaoid and anionoid, is based upon considerations of the initial and 
final states of the reactive centers and is independent of specific hypothe- 
ses ctmcraning the intimate mechanism of the reaction process. From 
, tiie standpoint of reaction mechanisms the intrinsic diectroafiBnity of an 
active center, or the ov^ll transition from the initial to the final state, 
M JesB-sigaifioa^t than the nature of the process through which the elec- 
tzonk tranefw is aecon9>li8hed- The formulation of definite reaction 
pMwdtanktnui d^iends upoKt the introduction of various speculative 
hypothea^ detagned to correlate the chemical behavior of active cen- 
electronic configurations. 

A eonfusi^ arises from the mcumstance that the inherent 

aitracdmi tA a reactive center for dectrons or for atomic nuold may 
by s Seeet or indiree^ process. There is little doubt, for exam- 
ine, that Hie driving frame the charactraistic reactions of molecular 
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chloriiie ariaes from an inherent attraction for electrons. Ii^cdd regards 
chlorine as an deotron-acceptmg reagent; it is considered so in the Lap- 
worth-RobinBon dasofication and placed in the same cat^oiy with 
potential alkyl cationSf the carbon atom of the carbonyl group, and 
metallic atoms having an incomplete valence shell. However, in speeur 
lating upon the mode of attack of reagents by chlorine it appears that 
the avidity of chlorine for electrons may be appeased by a circuitous 
process: one atom can act as a donor in a preliminary attachment to an 
acceptor center and the other atom then migrates to a donor center of 
the reagent. The result of the whole process is that both chlorine atoms 
attain a state in which they have a larger share in the binding pair of 
electrons than either had in the Cl — Cl link. 

Cl— Cl + A— B -> [o— a-^A— b] -♦ Cl— A + Cl— B 

(Substitution) 

The same reaction can be formulated by the assumption of a pre- 
liminary polarization of the chlorine molecule by the electrical field of a 
molecule of the reactant, or a solvent, or surface on which adsorption 
has occurred. 


Cl— Cl -I- B— A -♦ 



Cl— Cl B— A 





a— B + Cl— A 


The reaction is then considered to result from the strong electron attrao- 
tion of the electron-depleted (positively polarized) chlorine atom. The 
same products would be expected according to either formulation, so 
that an examination of the final products will not be of assistance in 
distinguishing between the alternative mechanisms. Indeed, the source 
of instability is due in both cases to the same active cause, the electron 
deficiency of the positively polarized chlorine atom. 

In the following discussion an effort has been made to incorporate 
the pertinent features of the important generalizations of Bobmson 
and of Ingold, and to present a composite picture of the contributions 
of a number of other investigators in the application and extension of 
electronic theories. Since the formulation of intmnediate complexes 
seems justified on physical and chemical grounds and useful in the inter- 
pretation of many effects that are associated with reactivities, particular 
emjdiasiB has been given to the hypothesis of preUminary oodrdination 
complexes. The reactive complex® are intended to represent mobile 
t qm t rf CTiq n which facilitate the occurrence of effective electxmi displace- 
ments in the course of reaction and must not be confused with stable 
intermediate oonyxninds that can sometimes be kolat^ 
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ajLSsmcktKm or BSActn^rs 

The most typoid leaoticms of oargamc molecales ooeiir In solo* 
tions and at on^naiy temperainres may be grouped into three general 
cbasea, according to the nature of the reagent: ( 1 } reactkins between a 
covalent molecule and a free atom, ef^>emally an alkali metal, at a firee 
ladmal; (ii) reactions between a oovalent molecule and an ionised sub* 
stanoe; (iii) reactions between two eovalmit mcdecnles. It is by no 
mmma a simple noatter to decide upon the intimate mechanism of all 
mganie reaetiaDs, but it may be stated that, in general, only the first 
dass of reactions will involve a symmetrical fisaon of the binding pair 
of electrons to yield an electrically neutral fragment, a free radical 
These reactions may, therefore, be designated as non-ionic or radical 
zeacti<ms. The second and third classes may be considered to involve 
an tmsymmetrical cleavage in which the electron pair remains intact 
and is retained by one of the atoms of the link. Beactions of this kind 
need not be sharply differentiated, and both are frequently called ionic 
teacrioDS. It is convenient to designate the second class as simple 
ionic and the third class as pseudo ionic or complex ionic reac- 
tions. 

The three classes of reactions of covalent molecules ustially differ 
markedly from the ionic reactions of strong electrolyteB in that the 
former take place more slowly. To account for this difference Arrhenius 
introduced the notion that chemical reaction depends upon the presence 
of a relatively amall number of active molecules, and that a normal 
or average molecule must be brought to a higher energy level (activated 
state) b^ore reaction will occur. This conception has been extremely 
fruitful, and the Anhenius equation k * relating the reaction 

vdoeity k with the number of molecular collisioDs and the energy of 
activation £, has served as a bans for the general correlation of kinetics 
of diemical changes. In the activation theory the quantity E repre- 
amta the amouUt of energy which a molecule must have in excess of the 
normal or average energy content, and, since this quantity enters as an 
m^ptmential term, small variations in E will produce a relatively large 
effect up<m the rate of reaction. 

Physical 0*^6000 leads to the view that there is a time interval 
between gn efleotlve colMon and the oomrenoe of reaction, and that 
an "aelmtcd oon^plmc” intervenes as an intmnedbte state between 
Ihe r^htants tfdid the prodacta. The driving force of a reaction depends 
qpon isiet^nmits that are assodated with polariaation and polaria* 

alAy dfecta In a covalent structure. In the activated oota^x rete- 
tivdbr fsusB jbrees are aide to bring about a redistribution of the 
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ddotrooic Systems among the atomic miclei, to ^ve more stable 
oosfigiuations. 

Radical Reactions. The interaction of an organic halide and an al- 
kali metal may be taken for conaderation of the general mechanism 
of this class of reactions. The metal transfers an electron to the halide 
molecule forming a highly unstable organic anion. The transient 
axuonic complex [R' — X+c]~ decomposes into X~ and E — e. The sub- 
sequent transformations will depend upwn a number of factors: the 
intrinsic stsbility of the free radical, which is a constitutive property 
determined by internal factorsj the nature of the environment; and the 
relative concentrations of other molecules or atoms with which it can 
react (external factors). Reaction of the free radical with a second atom 
of the metal will generate an organometallie compiound EM; reaction 
with another free radical may produce either R — R (Wurtz-Fittig re- 
action) or R — H and an olehn (disprojiortionatioii). It is pxisable to 

M- + X— R -♦ M+ + X- -1- .R 
R- -1- M- RM R- -1- R- R— R 

R* 4- R* — » C»Hsb,+» -|- ejSte 

attribute the formation of R — R to the interaction of RM with a second 
molecule of R-— X, and to envisage other mechanisms leading to the 
same products, but these details need not be considered here (see p. 537). 

The relative reactivity of a series of halides (R — F, R — Cl, R — ^Br, 
and R — I) toward a given metal should be determined by the relative 
ability of a coUiaon with the metallic atom to produce an effective 
electronic displacement in the direction X— » — R. Consequently the 
piolarizability of the C — X bond, and not the residual charge in the link, 
win be paramount, and the reactivity should decrease from iodide to 
fluoride. This is verified in the most striking way by ingenious e;q)erir 
menta of Polanyi and his collaborators,** who have shown that the 
number of collisions required to produce one effective collision, in the 
reaction of methyl haUdes with sodium vap)or, is 1.5 for CHj — ^I, 25 
for CHs— Br, 6000 for CH 3 — Cl, and 10,000,000 for CH 3 — F. Similar 
results were obtained with the ethyl and aryl iodides, bromides, and 
dilorides. 

There is some evidence that the attack of sodium on organic halides 
such as bromobensene gives rise to transient sodium halyls (p. 539), 
correspiondiog to the ketyls obtained from aromatic carbonyl coin* 
pounds.” This suggests that the reactions under ordinary conditions 

PoUuu^, and Style, Trane. Faraday Soc., 30, 189 (1934). 

•' Morton and Stovena, J. Am. Chem. Sec., 34 , 1919 (1932) ; bbo, algo, Badhmaim and 
Wlaelo^, tbtd., Sa, 1943 (1936). 
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occur by the additkui of an diectron to tbe halogm atom, 
the temporary expanmon of its valence shell. In aromatic 

+ an! 

Na- + Br-C,H» -♦ NaE-Br-CsH*]-*^ 

4 . Metal halyl 

Na + Br- + .C.H* 
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halyls and ketyls the relatively longer life of the intermediate may be 
attributed to resonance effects. The halyl complex may be regarded 
as a temporary state which permits internal dsmamic effects to become 
operative. 

Simple Ionic Reactions. Tbe metatbetical reactions of alkyl ha- 
lides with hydroxides, alkoxides, and salts of alkali metals are typical 
of this class. The rate of reaction usually follows the order 
R — I > R — Br > R — Cl, in accordance with the polarizability of the 
halc^n atoms. The fact that reactions of this kind can occur without 
the raoemisation of an asymmetric system attached to the halogen 
atom, but with optical inversion,’^ indicates that tbe process may be 
pictured in the following way: 

R' R' R' 

\ I ^ / 

X~ -h H — C — Cl — X~ CH — Cl — > X — C — H + Cl“ 

/ 1 \ 

R R R 

In this case the configuration of the asymmetric center is “turned 
hudde out, like an umbrella in a strong wind." A preliminary separa- 
tion of free alkyl cations in reactions of this kind is quite improbable, 
since this would lead to racemization and possibly to molecular rear- 
langranent within the alkyl group. 

The effect of structural variations of the alkyl group upon the rates 
of reaetbn hra been studied for many reactions of this type. Although 
different ionie reagents do not always place groups in an identical 
sequence*, it il generally true that the order of decreamng reactivity is: 

> primary > sewmdary > tertiary groujMJ. Aryl and vinyl 
halides are extremely inert, and allylle or benzylie halid^ are highly 
reactive (p. 1053). 


** Wor k ilkMWMicat «i optiael isyanion, me p. 264. 
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Since al^l groups tend to produce an effect of electrod^r^ease reto* 
tive to hydrogen, it n^ht be expected that the tratiary alkyl halides 
should be more reactive than the secondary or primary oompound& 
However, the determining factor here appears to be the molality of 
the cationic center, that is, the relative tendency of a colUsion to pro- 
duce a sufficient mobility of the refractive cationic centers. Since the 
alkyl groups are electron-releasing groups they reduce the electronic 
deficit and thereby diminish the probability of an effective coUBion. 
Aryl and vinyl groujB inhibit reaction through their tendency to favor a 
mesomeric polarization which increases the covalence of the carbon- 
halogen bond (see hetero-enoid systems, p. 1909). The interposition of a 

CH^=€H-^1 ^ :CHj— CH=C1 

InAOtivation oi hAlocexx in vinyl ho-liHn 

CH4==CH— CHjCl CHs=iCH— CHr-^ 

Activation in allyl and boncyl halidcn 


methylene group, as in CH 2 ==CH — CH 2 — Cl or CeHs — CH 2 — Cl, has a 
strong positive effect since the vinyl or aryl astern is capable of exerting 
a strong dynamic effect of electron release toward the atom to which it is 
attached. Mesomeric polarization ( — T effect of the halogen atom), 
which disfavors separation of a halide anion, does not occur in the allyl 
and benzyl halides owing to the inability of the methylene group to 
hold an additional electron pair. It will be recalled that dynamic 
effects are able to facilitate a given type of reaction, but cannot in them- 
selves impede an alternative reaction. 

In certain reactions, and especially with elements of high atomic 
number, the mechanism may involve a temporary expansion of the 
valence shell beyond an octet (p. 1837). The anomalous hydrolysis of 
certain halides, particularly iodides, to give hydrocarbons is an example 
of this phenomenon. 

R— I + OH- -♦ [R— R-H + [I-O]- 

This tsrpe of reaction occurs with “positive" halogens, such as 
R — OmC — X, p-amino-aryl halides, certain a-halogenated ketones, etc. 

Pseudo>Ionic Reactions. The rates and mechanisms of many re- 
actions between covalent molecules are similar to those observed in 
simple ionic reactions. Thfe is no fundamental distinction between 
the reaction of an alkyl halide w^h an amine, and that witii an ionised 
metallic salt. In this type of reaction, also, optical invermon takes 
place and not racemisation. However, it is frequently observed that 
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CHELATE BINGS 

'Hie tenn dielate ring denotes a t^diic structure that arises through 
intraoM^oalar co&xlinatbn in systems containing a donor and acceptor 
colter, as in salicylaldehyde (I) and the covalent copper salt of glycine 
(n), or a ring that n farmed by inteixnolecular coOrdhiation in systons 
teat are capable of farming two or more coordinate linlra. The dimers 
of tee carboxylic acids (HI), and a variety of metallic complexes derived 
from ethylenediamine (IV) or anions of dicarboi^rlio adds, are repre- 
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sentatives of the intermolecular type. The name “chelate” is derived 
from tee stem chda, a pincer-like claw, and was proposed in 1920 by 
Morgan and Drew.** The eristence of ring structures in the coordina- 
tion complexes of ethylenediamine and similar compounds had been 
known much earlier, but recognition of the importance of the phenome- 
non of ring doBure by coordination and its bearing on chemical prob- 
lems appears to have been due largely to the work of Morgan and his 
collaborators.** They showed, for example, that mordant dyes are 
didate structures and that tee ability to dye dote mordanted with 
metallic salts is due to structural features of the dye teat permit chela- 
rion to occur. 

It must be recognised that the process of forming a chelate ring is 
the same as teat leadii^ to the simple open-chaia coordination com- 
{dbc^ Indeed, some dielate systems differ very little from the open- 
chain Ho^prOr, the chelate rings of special interest in organic 

dieinistry are tepM in which the cyclization makes possible the occuiv 
tmxi of reac^nee effects, or serves to alter preexisting resonance effects. 

» Moqpsi&a Dmr, Oum. Soe., U7, 1U7 (1920). 

**MoiaiB JiafataUllh, /. See, Dyeri Colourisle, SI, 233 (1023). 
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The existence of chelate structures cannot be doubted; it is supported 
by experimental evidence derived from stereoisomerism, ionization phe- 
nomena, molecular association, solubility behavior, and spectroscopy. 
Probably the most convincing evidence for the ability of hydrogen to 
become 2 -covalent is afforded by the demonstration that hydrogen <am 
take part in the formation of chelate rings. 

In certain ortAo-substituted phenols the presence of chelate ring 
structures was postulated by Sidgwick'* to account for the fact that 
whenever the substituent has the structure necessary to form a stx- 
membered chelate ring (as — CO— H, — CO— R, — CO — OH, — NO 2 , 
etc.) the ortho isomer differs markedly from the meta and para in physical 
properties and is always less highly associated. The ortho isomers are 
less soluble in water, are more soluble in benzene, and have a lower 
boiling point. 

Although much evidence for the esdstence of chelate rings involving 
2 -covalent hydrogen has been adduced from considerations of simple 
physical properties, the most convincing demonstration has come 
from infrarred spectroscopy." It has been found that absorption in 
the re^on characteristic of the hydroxyl group (6200-7500 cm.~*) is 
absent for a large number of compounds having configurations that 
would favor formation of a chelate ring containing the hydrogen bond 
0 — H «— 0 or O— H N. The characteristic hydroxyl absorption was 
retained in related compounds where the constitutions or configurar 
tions excluded the formation of such bonds. Thus, the characteristic 
absorption was absent for phenols containing ortho substituents such as 
— CO— H, — CO— CH 3 , — NOz, and — CO— NHz, but was present in 
the meta and para isomers. Absence of hydroxyl absorption (in 0.1-0.03 
molar solutions in carbon tetrachloride) was noted for acetylacetone, 
benzoylacetone, and dibenzoylmethaae, but not in compounds where 
chelation is excluded on steric grounds. 


CHr-C— 0 

I 

HC H 
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CHr-C=0 


CbeUtedeool 



ChdAtioQ esoluded on sterio g^oundi 


The presence of more than one hydrogen bond within a molecule is 
shown by the absence of hydroxyl absorption in 1,4- and 1,5-dihydraxy- 
anthraquinone, and l, 4 -dihydroxy- 5 , 8 -naphthoquinone (naphthazarine). 
Other interesting examples of the formation of two hydrogen bonds are 
afforded by 2 -naphthol-l-sulfone and 2 , 2 '-dihydroxybeizophenone. 

** fiUbojrt, TViilff H^ndriokSf Mid l^ddol, J- CAwii. Soc,, SS» 1091 (1036)* 
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'Sto fimxur sJao that ozyg^eo atooss held in semi-ioBie Knlrjig w 
'witht solfur caa participate in farming intramolecular hydrogms bcmds.** 



There is evidence that the chelation of hydroxyl groups with orthff 
oazhonyl or nitro groups in aromatic systems is accompanied by an 
increase in color, which may be interpreted as a tendency for the chela' 
tion to develop a quinonoid structure within the aromatic ring. The 
resonating forms of a typical o-hydroxyaryl ketone correspond to 
benaendld and quinonoid structures, and the color may be considered 
to be a contribution of the latter. Thus, 2-methoxybensophenone can- 
not undergo chelation and is colorless, but 2-bydroxybenzophenoDe can 
form a chelate ring and is pale yellow in color. The introduction of an 
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orOu> hydroxyl group into the adjacent ring, as in 2,2'-dihydroxyben2o- 
phenone, ^ves a double chelation that is accompanied by a large increase 
in quinoidaticm, and the compound is bright yellow. 

Metallic derivatives of the enolic forms of ^-ketonic esters, ^-dike- 
tones, and wimiW tautomeric systems may be ionized salts or covalent 
chelate rings. The anhydrous form of the sodium derivative of benzoyl- 
acetone behaves as a typical ionized salt (I) and is insoluble in hydro- 
carbons^ but it forms a dihydrate which is soluble in toluene and is 
dearly a covdent molecule containing a chelate system (II). Similar 
eoval^t dihydrates tue formed by the lithium derivative of benzoylace- 
Ume and of methyl salicylate, and by the sodium derivative of aoeto- 


CHr-O-O' 


Na+ 


C(Ht — C — 0 OH* 

HC Na 

\ / \ 

CH| — OH| 



BtECmONIC TSOaOEY 1071 

acetic ester. A dich^te system of spirane type is present in tlie beryl* 
lium derivative of acetylacetone (III), and trichelate systems occm in 
the corresponding aluminum and sihcon derivatives. 


CHr-C— O 0==C— CH, 

HC Be CH 

\ /" \ / 

CH»— 0=0 O— C— CH, 


CiH, — C=^ 

/ \ / 

HC Be 


CH 


\ 

HOjC— C— 0 


/ \ / 

0=C— C,H» 

IV ^ 


Convincing evidence for the existence of the chelate structures is afforded 
by the fact that the copper and beryllium derivatives of benzoylpyruvic 
acid (IV) have been resolved by Mills and Gotts into optically active 
forms.** 

Sidgwick * has devised a convenient classification of chelate rings into 
three t 3 rpes, on the basis of the nature of the bonds that are present in 
the cyclic system.* Rings in which the coordinate link becomes iden- 
tical with a normal covalent bond as a result of chelation are designated 
as type A; those containing one or two definite coGrdinate links are 
denoted as types B and C, respectively. The ring types are not alwa]^ 
sharply differentiated, and frequently, in the liquid state and in solutions, 
the chelate systems exist in equilibrium with a non-chelate structure. 
In some cases electromeric (resonance) effects within the system render 
the classification doubtful. 

Type A. These rings result from the chelation of ions and arise 
through the inability of the central atom to form additional covalent 
links except by coordination. They are generally qvute stable and, in 
addition to the usual five- and six-membered systems, may contain 
cycles of four or seven members which are found rarely in other types of 
chelate rings. 

The double carbonates and sulfates of beryllium afford an illustra- 
tion of four-membered rings of this class (I). Five-membered rings 
occur in various derivatives of catechol (II); six-membered systems, 
in the bis-piperidinium salts (III) and in the borosahcylates (IV). All 
these are relatively stable, and the chelate structures of the last three 
have been confirmed by resolution into optically active forms. 

Certain 1,2-glyeols form five-membered chelate ring skuctures in 
aqueous solutions of boric acid. The effect of the chelation is to pro- 
duce a large increase in the acidic strength of the boric acid, owing to 

“ MiUe and Ootta, J. Chem. Soe., 8121 (1926). See. also. Chapter 4. p. 432. 

* For an socooUant and comprohonsivo survay of chelate rings see Diehl, Chtm, Ess., 21, 
30 (1037). In his survey the systems are classified as bidratate, tiidentate, eto., on the 
basis at the numbsr of oofirdinatiiig groups involved. 
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tile enhanced stability of the chelate anion. It has been observed, as 
might be expected, that the sj^tial configuration of stereoisomeric 

1.2- glyools has an influence upon the tendency to form the chelate struo- 
tures (p. 447). The o« form of cyclopentane-1 ,2-diol or hydrindane- 

1.2- diol ffi found to increase the acidic strength of boric acid, but the 
trana form does not; the racemic form of bydrobenzoin has a positive 
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effect, but the meso form is without effect. The steric and constitu- 
tional requirements for the chelation are not perfectly clear, since many 
aliphatic 1,2-diols (ethylene glycol, 1,2-propylene glycol, and pinacol) 
have no effect on boric add and in some cases both pairs of optical 
enantbrnorphs, or dt-trans isomers, produce the same effect.** The 
l,2’^ooi8 abo form chelate structuies with arsenic acid and with 
arsonoacetic add.*' 

Qrdio oxonium conqxKmds, such as the pyrylium and pyroxonium 
satto (p. 1836), may be regarded as a qiedal case of chelate structures 
ol tyjie A. They are analogous to the bis^iperidinium compounds in 
that the (^bility of the nng structure is associated with the presence 
dt a chiutge produced as the of a oodrdination process. 

H^h pyro»>nium compounds the ring structure can persist in the 
abaeMief mi electrical cbi^, but shows a strong tendmoy to go over 
tojKqim^^iiain carbonyl compound (under the influence of alkaUra)- 

nd eeHalMraton, Ktc. Ine. eMm.. St. US <U»0) ; 4S. 626, 668 (1921) 

•SkidaaA ^ UI a9»)- 



EIJBC3TB0NIC THBiO&Y 1 87 g 

Type B> In tiiese systeios an atom is held in the zii% on one sde 
by a noraoal covalent link and on the other by a oodrdinate link. The 
rings are usually less stable than the preceding type and always contain 
either five or six members. The type B chelate structures oiost fre- 
quently encountered are five-membered rings containing one double 
bond, and five- or six-membered rings containing two conjugated double 
bonds. The conjugated rings of this class are probably the most exten- 
sive group of chelate structures. 

The covalent metallic derivatives of a-ketonic acids, o-mnino acids, 
(h’nitrosophenols, mono- and dioximes of o-quinonra and 1,2-diketones 
(dimethylglyoxime, benzil mono- and dioximes), benzoin oxime, 
2-pyridyl ketoximes, and 8-hydroxyquinoline are familiar examples of 
five-membered rings of type B. The oxime complexes have been for- 


OH OH 

I I 

R— C=Nv yN==C— R 

I >N< I 
R— C==N^ \N=C— R 

i 1 

O 0 


R C=Ov y 

I >N< 
■s.-o=w \ 

i 

0 


0=C— R 

I 

N=C— R 

I 

0 


Chelate nickel derivativea of onmea 


mulated as six- or seven-membered ring structures, but there is now 
definite evidence from stereochemistry for the five-membered ring. 
It is found that the formation of stable metallic complexes occurs only 
when the configuration is favorable for the structures given above. 
Thus, complex salts are produced readily from the onfi-CHOH form of 
benzoin oxime, the an<i-2-pyridyl form of 2-pyridyl ketoximes, and the 
antv-foTm of benzil mono- and dioxiin^; the syn-fonns of these oximes 
do not yield metallic complexes.* - 

Although the saturated compounds (glycols, amino alcohols, dia- 
mines, etc.) that could give rise to rings of this type may undergo chela- 
tion to some extent, it appears that intermolecular coordination (asso- 
ciation) to form open-chain structures occurs more readily. Saturated 
five-membered rings of Type C are present in metallic complexes formed 
from l,2-glycol8, 1,2-amino alcohols, and 1,2-diamines, but there is little 
evidence to support the view that th(»e substances form Type B chelate 
rings involving 2-oovBlent hydrogen. Crystal structure analy^ of a 
number of compounds indicates that the valence angle of 2-coval^t 
hydrogm is 180“ and that a distance of about 2.6 Angstrom units 
for the O— -H 0 or O— H «- N systems is favorable. The chelate 

•• and Th^olwr, in Fteudenberg’a "Btewochemie,” Dantick*, laipric 

and Vienna (1933), pp. 1039 ff. 
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foMs of flattunttod l,34]io]s (I) and r^ted types, and analogous 
atoma^o eoznpoands (11) where a doulde bond is prei^t, would involve 



huge deviations from the normal valence angles and would therefore be 
relatively unstable. Evidence from infrarred spectroscopy shows that 
the characteristio hydroxyl absorption is present in compounds such as 
oatediol and b^usoin, but other physical properties of catechol and 
o-aminophenols suggest that chelation may occur to some extent. 

Saturated l,3^yools and /3-hydroxy carbonyl compounds fulfill the 
neceseaiy geometrical considerations for the formation of six-membered 
rings containing hydn^n bonds. However, it is evident that these 
conditions alone do not suffice since typical examples of such compounds 
G3-hydroxybutjTraldehyde, and esters of tartaric acid) show absorption 
in the r^on dharacteristic of the hydroxyl group. In these cases the 
diminished tenden <7 to form intramolecular hydrogen bonds may be 
attributed to the freedom of rotation about the single bonds and the 
absence of stabilizing resonance ^ects that can occur in the correspond- 
ing unsaturated types (enol forms of 1,3-diketones, etc.). 

Six-^embered rings containing two conjugated double bonds and 
<me co&dinate link are very frequently encountered and are probably 
the most important chelate rings in organic chemisriy. Owing to the 
favorable steric relations and the- intervention of resonance effects, 
these rings are relatively stable. Either hydrogen (becoming 2-covar 
lent) or a metallic atom acts as the acceptor center, and nitrogen or 
oxygen acts as the donor atom. Typical examples of chelation through 
hydn^rat are the ofubetituted pb^ols (p. 1^) and enolic forms of 
/Miketones, iNcetomc esters, and other tautomeric systems. Many of 
the metallic 4«zwatives of these sul^tances form unusually stable (xtva- 
lent dbelate structures; the beryllium, aiununum, copper, and certain 
other metallic derivatives of acetylacetone can be distilled without 
ai^neclabte dNmmpoffltion. 

B<»od and silieon give stable chelate cations with acetylacetone 
ai3d< simitwr coBi|Kmnd8. The alkali metal derivatives of acetylace- 
and of enc^ systans m general, are usually open-chain ionized 
and ^pw httle tenckmcy to form (helate structures (lithitun> 
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sodium. > potamium). However, in these compounds the stability of 
the chelate form may be increased by further coordination with a mole* 
cule of the free diketone or with a solvent, as in the covalent dihydrates 
already cited (formula II, p. 1870). 



A number of six-membered rings of this class contain oxygen and 
nitrogen, and occasionally sulfur. Several of the typical chelate sys- 
tems containing nitrogen are shown in the general formulas I-Vl, 
where M may be hydrogen or a metal and one of the double bonds is 
frequently part of an aromatic structure. Formulas I and 11 represent 
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o-nitrophenols; similar types appear to be formed also by o-hydroxysulr 
fones. Formulas III and IV include /S-aminocrotonic esters, indigo, 
anUs of o-hydroxy aromatic aldehyde, and o-amino aromatic carbonyl 
compounds. o-Hydroxyazo compfounds, hydrazones of oc-ketonio esters, 
and monohydrazones of 1,2-diketones are examples of for mul a s V 
and VI. 

Type C. Rings containing two codrdinate links are generally the 
least stable of the three types owing to the fact that relatively stable 
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BM^eeules (at itms) are formed when the rit^ is brokek. The most 
eoitaoaa examples of this tyjw are encountered in complexes involvii^ 
a powerful coordination imter such as cobalt, nickel, iridium, or platir 
num. Five- and six-membered rings are found in the complex ammines 
cmitaining etbsrlenediamine and trimethylenediamine, 1,2,3-triamino- 
prqpane, 2,2 -bipyridyl, 2-aminomethylquinolines, etc. 

Evidence that the saturated five-membexed rings are formed more 
readily than similar six-membered rings is afforded by the mode of chela- 
tion in the compound of platinum chloride and 1,2,3-triaminonropane. 

H»C— NH»s^ NHjv^ 

PtCU H»N— €H PtCU 

NHr-CHr-^NH/' Nh/' 
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Hie isomeric five- and six-membered cycles differ in that the former 
has an asymmetric carbon atom and the latter has not. The product 
was resolved by Mann and Pope *• and consequently must have a five- 
membered ring structure. 
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A good deal of evidence supports the view that the dimeric covalent 
halides of the trivalent metals, such as aluminum and ferric chlorides, 
are four-membered rings of this type. Since aluminum and iron arc 
able to assume a plane configuration for four covalences the strain in 
these four-membered chelate structures is reduced. Eigbt-membered 
rings containing two coordinate bonds and two double bonds occur in 
the dimers cff the carboi^Uc adds. Owing to the circumstance that the 
valence angle of 2-covalent hydrogen is 180°, the symmetrical eight- 
membered ring (formula III, p. 1868) involves no greater strain than a 
sbc-^embered ring.* The (helate structure accounts for the observed 
low dipole mmnent and the fact that polymeruation does not proceed 
b^om) doable molecules. 

Lewis and Sdnitz* have made the intaesting observation that 
r^>laceni^ of the acidic hydrogen of acetic acid by its heavier isotope, 
dwtmum, briogs about a decrease of acidic strength and a dight 
iacAae in vapor pressure. Both these changes are attributed to a 

•* Mun ami llf, S51 (1927) ; Mana, J, CKm, 8oe., 1224 (1927). 

**SSaviUk, AMn. But**. Chm. 8oc. (LomIoa). SO, lU (1938). 

"IwwteraiBdnitt. /. Am. Ohm. Boc., N, 483. 1002 (1984). 
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greater stability of 2-covalent deuterium, which leoilte in an increase 
in the extent of association to form dimeric molecules. 

Polydentate Chelate Rings. Organic molecules containing two 
coordination centers frequently give rise to di- and bicyclic wyateirm of 
spirane type, as indicated in a number of structures previously cited 
(e.g., formulas III, IV, p. 1872). When three or more codrdinatkm cen- 
ters are present, condensed chelate structures may be produced, and 
these have been designated as tri- and quadridentate systems. A triden- 
tate structure, analogous to the condensed rings of naphthalene, is 
present in the metallic complexes of diethylene triamine (I), and a quad- 
ridentate system (II) in the complexes from bis-acetoacetonyl ethylene- 
diamine." 



R CH, CH, R 

\ 1 I / 


C=N N=C 
/ \ / \ 


HC Cu CH 

\ / \ ^ 

C— O 0— c 
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A particularly interesting quadridentate structure is produced from 
the phthalocyanines; these metallic complexes are obtained readily by 
the action of iron or magnesium oxide upon o-cyanobenzamide and 
derive their name from their deep blue color.** There is a close struo- 
tural resemblance between the phthalocyanines and the porphyrins, 
which form the basis of many important natural pigments (hemoglobin, 
chlorophyll) and have been shown to contain the “porphin” ring system. 
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\Tfc|Ti«flmn derivitiTt of poipUn tTP* 


^ Morgan Main Smithi C/>wn. &)e., 912 (1926). 

‘•LiMtead and ooBaborators. ibid., 1016, 1031, 1033 (1934); dna. R*pte. Cbm. Roe 
CL<m<ion), 8S. 361 (1036). 
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1%0 isrotiietic fthtiuloi^asi&ai bear a dbae analogy to toe natural 
por{^ sUucture, but ate different in tvo feeturea: each of the four 
pyrrole ludts of the {ditbalooyanineB beats a condensed bensene ring in 
tto 3»4rpoBito»8, and toe units are connected by nitrogen instead of CH 
groups. These differences do not influence the moteoular configuration 
or stability very smously, and there are strong resemblances between 
than. Both are stable to alkalies, leas so to acids; both are bigbfy 
colored and form metallio complies of similar stability. Thus, the 
magaesium derivative of a porp^ type (phytochlorin, phytorhodin) or 
a itothaloeyanine is intermediate in stability between the potassitun 
salt, which e de-metalated in dilute alcohol, and the very stable copper 
derivative. 

Orientation Effects of Chelation. A definite influence of the effect 
of conjugation in a chelate structure upon the mobility of the double 
bonds in an aromatic B 3 rstem has been demonstrated by Baker and 
his ooUaborators.** Physical properties indicate that 2,4-diaoetyI- 
resentUDol (I) is fully chelated and that this has an effect of flxing the 
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positions of tim double bonds of the aromatic structure (p. 140). In the 
istnnenc 4,6>dbicetylreBorcinol (II), the chelation appears to be less com* 
pfete tonoe effects of the chelation upon the double bonds in the 
somnsd^fe ssnrtspa would oppose each other, and effective participation of 
toe mnnatfe Ifjwtein wodd require toe production of a poro-bridged, 
^piuionffid sliinoture. The two systems are analogous to phenanthrene 

« Bator aik /. Ch*m. Soe., 1684 (1034) ; 628 (1088) ; 274, 346 (1086). 
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and anthracene, respectively, and there should be KtUe or no fixatum of 
the aromatic double bonds in the 4,6-isomer. 

On the ba^ of the (delation theory Baker predicted that in the Fries 
reaction 4-acetoxy-2*bydroxyacetopbenone (I) should give 2,4-diaoetyl- 
rosorcinol rather than the 4,6-iBomer. The reaction was found to give 
about 60 per cent of the predicted product and 40 per cent of the 4,6- 
isomer. This result indicates a marked orientation effect since the 
methyl ether of 4-acetexy-2-hydroxyacetophenone (II), which cannot 
be chelated, gives almost entirely the 4,6-derivative. 

Similar effects were observed in the rearrangement of 4-allyloxy-3- 
hydroxyacetophenone. The principal product was the 3-aIlyl deriva- 
tive, but if the original compound was methylated before rearrangement, 
the allyl group entered the 5-position. 



'‘Oriented’* iwurangenient ’‘Normal*’ rearr an ^e ann nt 


The influence of chelation upon the alkaline cleavage of N-acylated 
bensoin oximes has been suggested by Blatt « to account for marked 
differences in the behavior of the a- and ^-fonns. The facile cleavage 
into benzonitrile and benzaldehyde occurs only with the a-(on<i-CHOH)- 
fonns, and the ^forms are merely deacylated by alkies. Examination 
of isorneric N-acetylated o-hydroxybenzophenone oximes reveals a sim- 
ilar effect; only the onfi-hydroxyaryl forms undergo smooth rearrange- 
ment to benzoxazoles and the syn-forms are simply deacylated 

Chf l ati o" in Chemical Reactions. It has been stated that the power- 
ful catalytic effects of certain metals and salts may attributed to tte 
formation of unstable cofirdination complexes, and in cei^m cases (he 
observed course of reaction suggests that a transitory cheUtion takes 
place in the unstable complex (p. 1867). This hyi^the^ affords a new 
point of view for the interpretation and correlation of reactions 
are not adequately elucidated by the conventional mechamsms^ 8p^ 
cific applications of the hypothesis of transient chelarion 
trated by a consideration of certain "abnormal reactions of Gngnaid 
reagents (pp. 516 and 1881). 

« Butt. «d Ru»eU. C*«». 5<*.. 1330 (1033) : 5S. 1900. 1003 (lOS® 
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. StiKiieB of the behevior of beofyimegaeBium chloride toward a 
variety reactants have ehown that certain carbonyl compounds (form- 
aktohyde, ethyl formate, acid chlorides, and aidiydiides) give rise to 
«-tolyl dmvatives, but a number of others (carbon dioxide, ketones, and 
typical esters) produce only the expected ben^l compounds.^ The 
^(perimental evidence shows deariy that the reactant itself plays an 
important role; the assumption of dynamic isomerism between a itormal 
and o-quinonoid form of the Grig;nard reagent-, or rearrangement of a 
free benryl anion in the course of reaction, does not give a satisfactory 
account of the observed results. There is also definite evidence against 
either of these assumptions. 

On the basis of the chelation theory,*^ the normal and abnormal 
reactions are r^arded as two possible courses of transposition within the 
initial oo&cdination complex which is formed as the first step in all 
Grigna^ reactions. A carbonyl compound A — CO — combines with 
the Grignard reagent, by means of an unshared electron pair of the 
carbonyl oxygen, to give the initial complex I. The coordination 
process C =0 — > Mg tends to favor electron withdrawal by the benzyl 
group in the link Mg — CHaCeHj, and to promote in the carbonyl group 

an electromeric displacement 0=0 which would leave the carbon atom 
with a sextet of electrons (marked by an asterisk, formula II). The 
normal Grignard reaction occurs by a direct 0,7-ehift of the benzyl 
group with its binding electrons, and without internal rearrangement, 
to the deficient carbon of the carbonyl system. The octet of the magne- 
rium atom is completed by the usual coordination with ether, and the 
stable normal product results (III). 


«Mg 

\ 
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H, OEtj /==\ i 

A \ U 
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ni 


Tlie abnormal reaction arises as a result of the ability of the allylic 
system in the Grignard reagent to forestall the normal reaction by fur- 
nishing the mobile electron pair of the oriAo-double bond to the deficient 
atom. The ejdiemeral chelate ring is broken by rupture of the 
magr^um-Cftrbon linkage (and codrdination of the magnesium with 
ether) to ttie product V. 

VUbf, Oid^ H, 345 (1^ ; Atistia ud J<diiuKm. ibid., 64, 647 <1033} 
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In aliphatic allylic systems the reaction may go no further, but with 
the aryl compounds a proton shifts to the ade chain and completes the 
conversion of the benzyl grbup into an o-tolyl group. The tendency of 
a series of carbonyl compounds to bring about the abnormal reaction 
is clearly induenced by the nature of the atoms A and B, and parallels 
the reactivity in typical carbonyl reactions: the most active carbonyl 
compounds favor the abnormal reaction. 

The allylic rearrangements observed by Provost in the reaction of 
R— CH*==^H'~CH 2 Br and R^"~MgX, to give B. — CHR^ CH=CB [3 
and the normal product R — CH=CH — CH 2 — R^» may be explained by 
a mPchanisTn analogous to that given above. In these cases the allylic 
group of the reactant is responsible for the abnormal reaction; furtheiv 
more, the process is arrested at the stage corresponding to structure V. 
Obviously the double bond is less mobile here than in an o-quinonoid 
structure. Other Grignard reactions that appear to involve an ephem- 
eral cyclization are the 1,4-addition reactions of o,^-unsaturated ketones 
and esters,** and o-phenylations of benzophenone anil** and highly 


» 

Abnormil raaotion of Gri*o»>d reacento and allylic balidea 


®>:&-CH=CH,4-MgX* 


substituted a, /S-unsaturated ketones “ by forced reaction with phenyl- 
magnesium bromide. 

In the initial complex derived from an o-iS-unsaturated carbonyl 

"Prfivort, 4nn, chim., [10] 10, 12l (1928): Prfivnst and Daujst, BidL aoe. diim., [4J 
47, 5SS (1930) ; we, also, CarotherB and Berchet, J . Am* Chem. Soc., 66, 2813 (1933). 

** Kohler, Am. Chem. J., SO. 611 (190^. >*1® pape™: »0« »>*>. PP- 600 aiwi 672. 

« finTn..,' , Kirby, and Biiney, J. Am. Chtm. Soc., #1, 2282 (1929). 

** And Myzaard, (hid,, 02, 4128 (1839), 
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jotmpamd (t) two oourses of reactim are posedble: Q.) tiie “normal” 
of tibe Grignard group R to ^ve l,2-additi(m; (ii) shift of the 
R group (eph^eral i^eUsation) to the /9-carbon of the carbonyl system, 


C,H* 


C^5 

CHk. Mf 


KyMg-X 
£ 

1. l^Addition 



in concurrence with an electron drift toward the carbonyl group, 
bi this type of reaction it is obseirved that the most reactive carbonyl 
systmis (^dehydes) (p. 1921) favor 1,2-addition, and less reactive types 
( — CO — Cfl&f, — CO — OR) 1,4-addition. " o-Phenylation (II) of tm 
aryl group attached to the carbonyl system occurs only when steric 
factors interfere with the 1,2- or 1,4-addition. 

The chelation hypothesis is of rather general application and is not 
restricted to abnormal reactions. The 0- and C-alkylation of metallic 
enfdates represents alternative courses of reaction that are analogous to 
the examples given above: a, 7 -shift leads to O-ethers, and the cyclic 
mechanism to C-alkylation. The Kolbe synetheas and the Reimer- 
Tiemann reaction may eJso be formulated by a cyclic mecbanism.*‘ 
It may be pointed out, however, that the mere circumstance that a 
plausible cyclic mechanism can be written for a reaction does not indi- 
cate per $e that the reaction can ttdce place only by a cyclization process. 
Thus, the rearnangianent of the allyl phenyl ethere “ may occur by 



aa iatraznolectilar (cydization) process, but it may also take place by 
an intermolecalar alkylation.** The chelation hypothesis of tranrient 
<<iydtsation has this advmitage: it offers a d^nite basis for predicting 
or oondatang the influence of structural factors, or variations in experi- 
meatM cmiditions (nature of the medium, etc.), upon the course of a 

*nisa2d, Jteple, Chem, Soe. (fiondon), IS, 184 (1926); eee, lUao, TaHmU, Ckm. 

mourn. 

» atOA, /. Am. CJtm. Sm., M, 717 (1984) 
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g^efQ reactioa. In a number of instances the observed ^ects are in 
good agreement with those anticipated from theoretical consideraUoixg. 



In the rearrangement of benzyl and a-furfuryl phenyl ethers the partici- 
pation of the allylic double bond in the cyclization (intramolecular) 
mechanism is diminished by virtue of conjugation in the ring system 
of benzene or furan, and consequently the intermolecular mechanism is 
favored. In both these cases the “rearrangement” is observed to 
occur preferentially in the para-position, and a certain amount of the 
para-alkylated ether and free phenol can be isolated from the reaction 
mixture. 


ELECTRONIC CHARACTERISTICS OF TYPICAL BONDS 

Unsynimetrical Single Bonds. If the single links of carbon with 
other elements are regarded from the standpoint of the electronic con- 
figuration of the valence shell of the hetero atom in the compound, they 
fall into three broad classes: (1) links in which the hetero atom has an 
incomplete valence shell and would require one, two, or three additional 
electron pairs to form an octet; (2) those in which the hetero atom has 
a completely shared octet (doublet, in the case of the C — H link) but is 
capable of increasing its covaknoe and acquiring additional shared elec- 
tron pairs by codrdination; (3) those in which the hetero atom has an 
octet containing one, two, or three unshared electron pairs. The fiist 
category embraoes atoms in Groups I, II, and III of the periodic talds; 
the second, hetero atoms in the higher periods of Group IV; and the 
third indudes hetero atoms in Groups V, VI, and VII. Tim C — 
bond and unsynunetrically substituted C — C bonds may be regarded 
ss speeial << wiafw in the second class, but they merit individual coiner- 
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Atioii. Typical examples Olustrating the gaieral classifioation are 
^hoim below. 

TABLE XVI 

OussmcATioir or Links Between Cabbon and Heteeo Atoms 


Clou 1 
Li— CjHt 

Be — CsH^ 
CiHt — Zn— CjH* 
{C3»H»),B-C,H» 
tie. 


Claa* 2 

(CiH,),Si-C,B:, 
(CiHi)iGe — CsH( 
(CiHi)^n — CjHt 

(c,H*)an)-c,H» 

etc. 


Clots 3 

{C»H6)sN— C tH, 
CsHg — O — CsH( 
F-C,H, 
l-CiSt 
etc. 


Class 1 (Groups I, n, HI). In linlfs of the first class, owing to the 
low^ effective nuclear charge of the hetero atom relative to carbon, a 
permanent inductive displacement (I,) will occur toward the carbon 
atom. These hetero atoms will be considered to exert a negative induc- 
tive effect upon the carbon atom, and the latter a positive effect on the 
hetero atom. When these links are ruptured in the course of reaction 
the inductive effects will facilitate the separation of the organic group 
toiih the binding pair of electrons, but the mechanism of reaction involves 
a consideration of the contribution of coordination processes and of 
polaiiaability effects. 

A rough estimate of the amount of ionic character in the bonds of 
carbon with various metallic elements can be obtained by using Pauling’s 
empirical curve relating the amount of ionic character to the difference 
in electronegativities of the atoms (xji — xb)- The amount of ionic char- 


TABLE XVn 


Link 

(xc — *m) 

Ionic 

Character, 
pCT cent 

Cb— C 

1.8 

65 

K— C 

1.7 

60 

N»-C 

l.ft 

47 

Li— C 

1.3 

43 

CW-0 

l.« 

43 

Hfe-O 

1.3 

34 


link 

(xc - xii) 

Ionic 

Character, 
per cent 

Be— C 

1 0 

22 

Al— C 

1.0 

22 

Sn*"^5 

0.8 

16 

Ge-C 

0.8 

16 

8b-C 

0 7 

11 

B— C 

0.6 

0 


llMMr«8&aa(te4 in this way merely indicates the general treiuls and does 
nwi biifia into weovmt the infincnoe of substituenta on the atoms involved 

In'* i 


I 
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etityleoe luay be attributed to the instability of liie free ethyl anion.** 

Na+[:CH^H,] -♦ CHs=CHj + Na+[:H]- 

The alkali alkyls are valuable diagnostic reagents for proton mobility,** 
and their high proton aflinity, or nucleophilic activity in a broads sense, 
is likewise to be associated with the intervention of alkyl anions. The 
separation of free hydrocarbon anions cannot be doubted in the case of 
the a-phenylated alkyls; benzylsodium and its analogs are highly 
colored substances, and their solutions in appropriate merha are elec* 
trical conductors. 

The reactions of the alkali metal compounds are not usually typical 
of the behavior of the links of other hetero atoms in this class, and in 
general the assumption of free hydrocarbon anions as intermediates is 
dubious and unwarranted by the experimental facts. Reactions of the 
typical links appear to involve two steps: the formation of a primary 
unstable coordination complex in which the hetero atom acts as an 
acceptor, and a subsequent migration (usually an a,Y-shift) of the 
nascent hydrocarbon anion vnthin the complex. There can be little 
doubt that the initial step in the typical reactions of the Grignard 
reagents is a cofirdination process in which the magnesium acts as an 
acceptor and the reactant furnishes an active donor center; much 
experimental evidence supports the view that nearly all the hetero atoms 
in this class act in a similar way. 


CH,-Zn-CH, + B-I CHi-Zn*—— f-E CH,-Zn-I + E-CH, 

CHf-Zn-CH, + fl-O-B — ♦ CH,-Zi»« O-B ► CH,— Z»-OB + H-CH, 

t- — I 
CH, '-♦H 


CH,-Zd— CH, + 2B— 0~R 


CH, OB, 

CH,'^ N)R, 


(stable 

eomplez) 


In the presence of donor reactants the alkali metal compounds may 
behave in the same fashion, and in solutions in relatively non-reactive 
donor solvents (aliphatic ethers and tertiary amines) they may east as 
unioniaed solvated complexes in equilibrium with hydrocarbon amons 

and solvated cations. , ^ . . . . , 

The distinctive reactions of the alkaU alkyls api«ar to te a^ted 
^th a facile inductomeric polarisation, as a result of which they are 

•• Oaacttaw airf Coffmana. ***•••*' 

** Conaat aw) WWand. •*. ISU < 1888 ). 
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of fraiutfeixisg an alkyl anion to an aee^tor neadant vitiiout 
t 2 ke intervmtion of a donor center of the reactant or of a donor solvent. 
For instance, ethylcedum, -rubidium, and -sodium are capable of con- 
verting dmthybdno into the triethyhsino anion, from which the volatile 
diethylsino (b.p. 118°) cannot be removed by heating. The alkali 
alkyls react also with the H — C link of benzene, the aliphatic H— C link 
of toluene, and with ethylenic double bonds. None of these reactions 
aiq^ean to occur with Grignard reagents ** or with other metal alkyls 
of Groups 1, n, and III. 

r C.H, 1- 


Na— €,H, -f- Zn(C,Hj), -» Na+LCiHr-Zn— C,H,J 


ni.p. 27 ’ 

Na— C.H, + H— CHr-C,B, -»• Na+[CHr-C»H»]- + C»H, 


It is of interest to compare the behavior of R— Na, R— Mg — X 
(or RsMg), and RjAlX (or R 3 AI) toward the same reactant. With 
acetone, the first reacts mainly as an enolizing agent, the Grignard 
reagent gives an addition product that yields a tertiary alcohol upon 
hydrolysis, and the organoaluminum compound produces mainly mesityl 
oxide and higher condensation products. With certain other reactants 
the oiganoalkafi compounds and the corresponding Grignard reagents 
yield identical products and differ merely in their rates of reaction (p. 
534).** Explanations of the observed differences in behavior of organo- 
metallk compounds can be inferred from a consideration of relative 
polariaation and polarizability effects within the reacting molecules (in- 
ternal factors) and the influence of the environment (external factors).* 
The position of equilibritim and the mobility (rate of change) within a 
qrston are independent variables; the nature of the products of a re- 
action will depend upon the relative importance of the contributions of 
the two factois and their influence upon competitive reactions (p. 1084). 

In links the flint class the magnitude of the inductive polarization 
^ects (— /,) and the tolerance of the hetero atom for a positive charge 
(polarizability) change in the same way, and vary in a regular manner 
with the pom^m of the hetero atom in the periodic table. Both quan- 
tities diminish as the atom moves to the ri^t in the first two periods 
(li > Be > B and Na > Mg > Al), and increase in passing from the 
first to the second period within each group. Polariaation and polarua- 
bilhy^ increase in passing into the A-sub^oup toward the elemmits of 
W oauwi an^ S3riw. M. l^CB ( 1 M 3 ). 

* liii0ton favolva tha influanoe aubatituents and Uulr mtitual interaetkui, 

atcmuo StfaanrirtM , and atorie aflfecta; eztomal factora take into acoount the elactronio 
cfaaraM^ltieaoi tike medinin and eataiyata (tf atiy), and tke effect ot temperatuM. coo- 
codtathm. eto^ 
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higher atomic number (li < Na < K < Kb) but decrease in going 
into the B^l^ups (Mg > Zn > Cd > Hg). The factore as80(^ 
ated uuth the dueotion of these changes are the effective nuclear charge 
and the size of the atom (efiFective atomic and ionic radii) * and its eleo- 
trcHuo configuration. The marked differences between elements in the 
A and B subdivisions of Groups I, II, and III involve the rdatively 
smaller effective radii of the elements of the B-subgroups (p. 1888) and 
the fact that their atomic kernels do not possess an electronic configurar 
tion of inert gas type. 

The relative acceptor activity of the hetero atoms in Groups I, 
II, and III may be approached in a roughly qualitative way from the 
asp)ects of residual charges in the link, the effective nuclear charges 
and atomic radii, and the nature of the electronic configurations. The 
tendency of an atom to ionize and its ability to act as an acceptor (or a 
donor) are independent properties and are complementary in nature. 
Both may be seen to proceed from the operation of two fundamental 
principles: the tendency of an atom to approach the stable electronic 
configuration of an inert gas, and to achieve a maximum electronic 
neutralization of its nuclear chaige (minimum residual atomic charge). 

As the permanent polarization in a covalent link becomes larger the 
dynamic increment (activation) required for the withdrawal of the 
binding electrons by the incipient anion becomes smaller, but at the 
same time there is an increase in the electrostatic attraction between 
the atoms and an increase in their tendency to form additional links by 
codrdination (subject to the maximum covalence rule, p. 1829). From 
considerations based upon the optical properties of inorganic salts, 
Fajans *• has shown that ions are not rigid structures, and has related 
the process of ionization to the mutual deforming power of the potential 
ions (polarization effects) and their susceptibility to deformation (de- 
formability, polarizability). 

In inorganic salts the deformation is essentially that of the anion 
under the influence of cation as a deforming agent; but in the case of a 
small anion and a large cation (as in potasaum fluoride) the effect of the 
anion may predominate. Fajans observed that the amount of deforma- 
tion in inorganic salts is greater: (i) the larger the ionic charge; (ii) the 
smaller the cation; (iii) the larger the anion; (iv) for cations that do not 
poss^ an inert gas configuration. These generalizations are in agtee- 

• Th« term effectiTe radiua is used to indicste the contribution which the ntom nwy 
be regarded as wMilriwg to the distance between the two atomic nudei in the link. The 
effective radius of an atom increases in passing from an elootricaliy neutral state to that 
of an anion, and diminishes in becoming a cation. __ 

*• Fajana, “Radiodements and Isotopes: Chemical Forces and Optical ProperUes of 
Substances," MoOraw-Hill Book Co., New York (1931). 
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meat with those predicated ftma theoretical ooaadexathms, and the 
known behavior of a large number of inorganic compounds suppmts the 
infermioe tirat the traident^ of a covalent molecule to ionise is restricted 
by the amount of d^onnaticm of the potential ions.*'* The approx* 
imate radii of smae the typical univalent ions, calculated by Paul^ *' 
are shown in Table XVm. 

TABLE XVni 

AFnioxiiu.TK UmvAisMT Cbtbtai. lUnn ov Iomb (Pauunq) 

(in AngstrOm units) 


Umnaleni Caiiont 



li 

Be 

B 

C 



(o.eo) 

(0.44) 

(0.35) 

(0.29) 



Na 

Mg 

A1 

8i 



(0.95) 

(0.82) 

(0.72) 

(0.65) 


A-Subgroupa 


B-Subgroups 


K 

Ca .... 

Ca 

Zd 

Ga 

Ge 

(1.33) 

(1.18) 

(0.96) 

(0.88) 

(0.81) 

(0.76) 

Bb 

a- .... 

Ag 

Cd 

In 

Sn 

(1-48) 

(1.32) 

(1.26) 

(1.14) 

(1.04) 

(0.96) 

Cb 

Ba .... 

Au 

Hg 

T1 

Pb 

(1.09) 

(1.53) 

(1.37) 

(1.26) 

(1.15) 

(1.06) 



UnivalaU Anitme 




O 

N 

0 

F 

H 


(4.14) 

(2.47) 

(1.76) 

(1.36) 

(2.08) 


a 

P 

S 

Cl 



(3.S4) 

(2.79) 

(2.19) 

(1.81) 



Ge 

As 

Se 

Br 



(8.71) 

(2.85) 

(2.32) 

(1.06) 



fin 

Sb 

Te 

I 



(3.70) 

(2.95) 

(2.60) 

(2.16) 



Icmisation of weak electrolytes, or the rupture of a covalent bond 
ki the course of reaction, usually involves the intervention of coordina- 
tkm process^, as a result of which the amount of defor^tion of one or 
both of the incipient ions is reduced. Coordination of a cationic (elec- 
trr^hilie} center with a donor wQi reduce its deforming power owing 
to the production of a more stable valence shell and to the dissemination 
of the reimiaal positive charge; coordination of an anion with an acceptor 

" Fknlins, /. Am. Chmt. See., 4t« 771 (1927). 
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center will reduce its deforming power and ita defonnal^tY, anoe fJie 
readual native charge and electron mobility are thereby diminif^ed. 

Dietbylmc is not appreciably ionized in the pure state and is a very 
poor conductor, but its conductivity is increased greatly by the addi- 
tion of anhydrous ether, which is also a poor conductor. The effect of 
the ether can be attributed to the formation of etherates in which the 
deforming power of the cation (R— Zn)"*" is reduced. The alkyl anion, 
by coordination with unionized diethylzinc, can be converted also into 
a complex anion [RaZn]", of greatly diminished deformability. These 
relations are shown in the equilibria given below; a similar situation 
occurs in the usual ethereal solutions of Grignard reagents, giving rise 
to solvated molecules of R^jMg, RMgX, and MgXz, and to solvated 
ions such as [RMg -f- 3Et20]'*', [RaMg -b Et20] , etc. 


R 


RjZn + 2EtsO 


/OEtj 
r/ '\oEt, 


Rv /C 
2 >Zn<( 
r/ X 


^OEti 
^OEtj 

tJoKKused oomplex 


OEt, 

i 

R — Zn<— OEtj 

t 

L OEt, J 

Compux aUon 


R 

1 

R — Zu<“OEtj 

I 

R 

Complex enion 


The introduction of an acceptor molecule such as BFa or Al(OEt)a 
can increase the ionization of an extremely weak acid such as ethyl 
alcohol.**’ ** With reference to the ionization of acids Latimer and 
Rodebush « have made this statement: “It is doubtful if the hydrogen 
nucleus ever gets very far away from one or more electrons ... the 
ionization of acids, or extreme polarity of any compounds involving 
hydrogen, must be interpreted as due to the tra^fer of a hydrogen 
nucleus from one molecule to another, thus forming a complex ion. 
The action of BFg and similar acceptor molecules is shown in the fol- 


lowing equations: 


R— O— H + BF, ^ 



'^0— B— F + R— O— H 

/ 1 
H F 


r HI 
/ 

K— 0 

+ 

r F 

1 


E— G—B— F 

\ 


1 

F _ 

Compbx 

■Bios 

Cornel 



* NiamHand andl otlMta, 


ibid., a, 1018, 2892 (1930) : 83, 3835 (1931) : 84. 2017 (1082) 
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Tl» koittticHi of adds and bases, aiid rermdble ditanigaT Teaoticsks 
i& geoi^d, may be consideired from the same etandpoi&t. The eomple* 
tien cf a chemkal reaetioii inTolves merely the occurrence of an ionic 
di^cmient that u not reversible under the induence and conditions 

the environment. Hus may be illustrated by the behavior of ethyl- 
sodium toward ether. The etber facilitates ionisation, as it does with 
dieth]ddno, but the relative reluctance of sodium to form a complex 
anion {NaCCsHs)^]" leads to an attack of the ether by the alkyl anions. 
The resulting anionic oon^lex is unstable and decomposes irreverdbly, 
with the elimination of ethane and ethylene, to form the more stable 

tCiHfi] "b CHr— OCjHs^ 

—* CiH» -b CjH^ -b [:0 — CjH*]” 

[C»H*;3~ -b CjH* — 0 — CeHt — ► [CjHs— >H — CH* — CHj — 0 — C»Hb]~ 

-♦ CtS, + C,H^ + [;0— C,H,3- 

ethoxide anion. Ethylsodium attacks phenetole in a similar way and 
gives finally sodium phenoxide. 

In covalent links of the hetero atoms in Groups I, II, and III, per- 
manent acceptor activity will be limited primarily to the hetero atom 
itself but temporary acceptor activity may be conferred upon hydrogen 
in H — C links of an attached group by means of dynamic effects (+/d) 
and may be effective in the course of chemical reaction. These effects 
will be expected to occur particularly with hetero atoms having low 
pcdarizability and furnishing a potential cation of high deforming power, 
such as 3-covalent boron.* In saturated alkyl derivatives of boron the 
-bl<f ^ect is opposite in direction from the permanent polarization but 
mi^t become important when the attachment of a donor center to the 
boron atom itself is impeded for steric reasons. 

In the event that the atom attached to boron bears an unshared 
electron pair or a multiple covalent bond an electromeric shift can occur 
toward tiie boron atom, so that its electron deficiency will be diminished : 

JTN , 

R»B — O— CaH* and R 4 B — 0=^ — R. If a vinyl group is present, the 

« p 

+E effect of boron will result in a transfer of the electron defidt to the 
0-^xbm atom (see below, hetero-enoid sysijetm). If an aryl group 
is ptresent, the efiM In the ring is similar to tiiat of a nitro or carboxyl 

* Tha cSeelivf .SilBfia tb« univalent boron estion bet been estimated by Pauline to 
be e.8S A; itc 4dllMnu>e power sbouht esoeed that of any univalmit cation except carbon 
(040 A), oiQrsaia (042 A), fiuorine (WO A), or hydroceo. 
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group and will cause a diminutioii in the ease oi substitulron and favor 
meta oiientadon.^* 



The electromeric shift of an unshared electron pair from the adjacent 
atom toward boron should diminish the acceptor activity of 3 -covalent 
boron; the fact that BFa is a more powerful acceptor than B(OC 2 H 6)3 
may be anticipated from the ability of the alkoxyl group to permit a 
greater electronic displacement ( — E toward boron) than fluorine does ** 

R — 0 — B > F — ^B. 

The stability of coSrdination complexes and the relative ease of ionic 
displacement within them are influenced by a variety of factors; the 
relative sizes of the donor and acceptor atoms, the spatial arrangement 
about the coordination center, the intervention of chelation and of 
resonance effects. The ability of an atom to act as an acceptor is 
affected by the electronic and steric characteristics of the attached 
groups, and the number of additional covalent links is limited by the 
maximum covalence rule. However, an atom directly combined to one 
or more hydrocarbon radicals rarely forms a stable complex in which ite 
valence shell is expanded beyond an octet. A few exceptions have been 
cited previously 1839), e.g., R 3 PCI 2 , RAsCU, [CH 3 — Tel 4 ]“ etc.; 
all these have two or more halogen atoms attached simultaneously with 
the organic groups, and even in this favorable situation the systems show 
a strong tendency to revert to an octet. 

Some of the remarkable differences in behavior which are foimd in 
comparing elements of the first horizontal period with those in the 
second and higher periods of the same group can be explained on the 
basis of the ability of the larger atoms to exceed a covalence of four 
as a transient intermediate step in their reactions (p. 1838). Certain 
other divergences have been accounted for by the hypothesis that an 
atom which is capable of becoming 6 -covalent can assume, although it 
does not usually do so, a plane space-distribution of its valences (angle 
90°) in the 4-covalent state. Consequently such atoms would take 
part more readily in forming, and would give more stable, four-membered 
rmgs than the corresponding atoms of the first horizontal period. This 
may be the reason why boron, which is the only element in Group III 
incapable of beocaning 6 -covalent, is also the only element in ■Uiat group 
to form trihalides that are not po^imerized.* A four-membered chelate 

** SMiBtit wmI Jolmacm, ibid; W. 711 (1031). 

** YkbroS, Bnash, and Almquist, tWd., #•» 2935 (1933). 
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|i(^ i^atictuie ttx aluimaum dliloride <A]sCl«) v^nild be esseotiaBy 
^aratoless on this assuiopticm (p. 1876) but a sinular ring for boron 
tn<diloride would have a latge atrain if boron ie restricted to the tetra- 
hedral configuration (angle 109°). 

An e3q)lanation of the high catalytic activity of the chloride and 
alkoxides oi alununum, and of the almost complete absence of similar 
properties in the corresponding boron compounds, may be sought along 
the lines outlined above. Owing to the lusted knowl^ge of the effects 
of coordination upon the donor and acceptor centers, and the recognized 
complexity of the factom governing the behavior of coordination com- 
plexes, it is to be expected that detailed predications cannot be made 
upon a firm basis at the present time. 

Class 2 (Group IV). In the organic derivatives of silicon and the 
elements of the B-subgroup of Group IV (germanium, tin, and lead), 
the permanent polarization and the polarizability effects will be in the 
same direction as that in the compounds of elements in Groups 1, II, 
and III. Owing to the larger effective nuclear charges of the hetero 
atoms in Group IV, and the presence of an octet of electrons in the 
valence shell of the hetero atom, the magnitude of the — J» effect and 
the polarizability will be smaller than that for the corresponding ele- 
ments of the earlier groups: C — Si < C — ^A1 < C — Mg < C — Na; 
C — Ge < C — Za; C — Pb < C — Hg; etc. Within the fourth group 
the effects will increase toward the laiger atoms : 

C— Si < C— Ge < C— Sn < C— Pb 

In these linfes the tendency to yield alkyl anions will be relatively 
small and their reactivity will depend largely upon the ability of the 
hetero atom to act as an acceptor by a temporary expansion of its 
valence shell beyond an octet. The stepwise dealkylation of the tetra- 
alkyl derivatives by halogens, and the reactivity of these compounds in 
genmal, may be explained readily on this assumption. 

(CH,)*Pb + Brt [(CH,)«Pb«-Br-Br] {CHa)»Pb— Br + CHr-Br 

■tinl 

(CHaltPb -f H— Br-» [(CHi)«Pb«-Br— H] (CHa)iPb— Br + CH« 

*1116 obsmratkm that the cleavage of analogous unsynunctrical deriva- 
tives d merccay and lead by means of hydrogen chloride"*** gives 

•> iWd., H 674 (1S82). 

" amd iotm. Bee. tm. ehim., 61, 1064 (1932) ; J . Am. Chem. Boe., U 
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the 8^ piquets supports the notion that the mechanism of reaction is 
essentially the same m both cases (p. 619). 


C.H|— Hg—CiHs + HCl -4 C»Hs— HgCl + C»H, 
(C«Hs)jPb(C^»)j + 2HC1 -4 (C,H6)sPbCl2 + 2C,H, 

When electromeric effects can intervene these hetero atoms may 
CTert a + r ^ect which will oppose the I, effect, and the situation is 
similar to that outlined for boron. Consequently, these hetero atoms 
may be expected to exert a meta directive influence (as well as oriJio- 
poro) in aromatic substitution reactions. The nitration of phenyl- 
germanium trichloride (CaHs-GeOs) with fuming nitric acid at low 
temperatures been found to ©ve 58 per cent of meta and 42 per cent 
of para substitution; ** under rimilar conditions phenylboric acid, 
CaHs — B(0H)2, pves 85 per cent of meta and 15 per cent of ortho sub- 
stitution.** Using acetic anhydride and a minimum excess of nitric acid, 
phenylboric acid gives almost exclusively ortho substitution. This re- 
versal of orimitation may be attributed to an opposing, secondaiy effect 
in an addition compound of phenylboric acid with acetic anhydride.** 
When the weak d-JT effects of boron and germanium are reinforced by 
an appropriately situated methyl group, as in the p-tolyl derivatives, 
nitration occurs entirely in the meta position (with reference to Ge or 
B). 

The sharp difference in the behavior of the C — C link and the links 
C — Si, C — Sn, and C — Pb is due to the inability of carbon to expand 
its valence shell to a decet. The attack of a donor molecule must occur 
through an H — C link of a substituent group. The action of chlorine 
on neopentane results in a substitution process in one or more of the 
methyl groups (dehydrogenation) and not in a replacement of the alkyl 
group (dealkylation) such as occurs with tetramethylsilicane. 


(CH,),C— CH, + Cls -» [(CH,),C— CHr-H<-CI— Cl] 

(CH,)jC— CH*C1 + HQ 

■hift 

(CH,)4Si + Cli -♦ [(CH,)4Si«-Cl— Cl] ^ (CH,),SiCl -|- CH,Cl 

C — C atid C — Bonds. In unsymmetrically substituted C — C links 
the permanent polarisation is exceedingly small except where powerful 
effects are introduced by the presence of actWe hetero atoms in adjacent 
links. Neverthelees, the behavior of aliphatic hydrocarbon systems in- 

** ShittOQi WaBhiogton Mootingf Am* Cbua. Soo. (1933)* 
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dieatos iliat definite directive influences are operative in tlie eourae of 
reaotionB. 

In saturated s3rBtems only inductive displacements (/< and Id 
dSeots) are posable, llie rdative effects of the alkyl groups are sum- 
maiiaed below: 

+I« H — > CHi — > Primary> Seoondary> Tertaary 

groups groups groups 

BaUtiva Indnctiva alaotros-attraetioD 

'-It and Tertiaiy> Seoondary> Primary> CH» — > H — 
groups groups groups 

BalaUaa IndiWtiTa alaetroa-ralaaac and ralativa polaiiaafafliW 

The raoall permanent polarization of the link H — C will be diminished 
by the repUoement of hydrogen by an aliphatic radical, owing to the 
essential equivalence of the effective nudear charges in the atoms of the 
Qr<D link. Alkyl groups will have a permanent effect of electron- 
release ( — It) relative to hydit^en, and the relative magnitude of this 
effect will increase as the number of hydrogens attached to 0^ diminishes. 

In dealing with a specific reaction it is essential to formulate a 
d^nite reaction mechanism and to take into account the type of dis- 
placement that will facilitate or impede the necessary electronic change 
(l<e., the electrical demand of the reagent). Thus, in a series of alcohols 
the relative proton-escaping tendency in the link H — OR increases as 
the relative electron-attraction of the R groups increases, since a proton 
will escape more readily as the electron denaty in the OH reddue is 
diininidied: R — <— O — ^H. Consequently the proton-escaping ten- 
dency of the alcohols will be expected to follow the trend of effects; 
this is confirmed by experimental observations, which give the sequence; 

H— 0 — ^H> CH| — 0 — ^H> Priniary> Secondaiy>Terti&iy 
alcohols alcohols alcohols 

The toodency d these hydroxylic compounds to form dimers of the 
type H — OH«— OHa by intermolecular association falls off in the same 
(firectioa and must be attributed largely to tihe diminishing acceptor 
activity of the active hydit^en. 

The capacity of the oxygen atom to act as a donor will be enhmced 
as dlectron-release by the R group increases since this augments the 
moinlity of the uotiiared dedmis in its valmce shell. Consequently 
the tendency of the alcohols to form oxonhim stdts, or complex cations 
in ggeneral, should increase in the order: primary < secondary < tertiiuy 
alcohols. Ilte osmium complexes derived from the ample alcohols 
are hi^^ily active systems and their behavior involves a consideration of 
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^teraative cou^ of reaction (see pp. 1866 and 1867 for example); 
of olefins, alkylation reactions, simple ionization, etc. 

Codrdination of the oxygen atom with a proton (or other acceptor) 
wiUresult m a strong tendency to withdraw the electron pair of the link 

C OHj . The mobility in the oxonium complex will allow a suitable 
approach of the donor center and the potential alkyl cation; reaction I 
is the result of an «,r-s^t within the complex. Reaction II requires 
the intervention of polarizability eflFects, which determine the tendeniy 
of an alkyl r^due to separate from the complex as &free cation. The 
alkyl cations will be extremely unstable owing to the electron deficit 
(open ^tet) of the a-carbon atom, and will revert to a more stable con- 
figuration by ejecting a proton and forming an olefin (or a cyclic struc- 
ture). The effect of substituents upon the course of rearrangements 
occurring in the dehydration of alcohols, and in many similar processes, 

H 

CjH* — O— >H — X C2H6 — X + H2O 

U I 

[CjH*— OHsl+X- [C2HSI+ CjH* - 4 - H+ 

n 

has been treated with remarkable success by Whitmore*^ from the 
standpoint of the electronic configurations of the potential alkyl cations 

(p. 1018 ). 

Interpretation of the behavior of organic systems containing an aryl 
group directly attached to a reactive center (CeHg — ^X), or separate 
from it by an aliphatic system (CftHg — CH2 — ^X, (C6H6)2CH — ^X, 
CsHa — CH=CH — X, etc.), involves a consideration of electromeric 
effects of aromatic groups and their interaction with other effects in 
the system and in the reagent. Experimental evidence supports the 
view that aryl groups can exert dynamic effects of either sign and are 
capable of activating electron-attraction or electron-release, depending 
upon the natiue of the reaction. 

The ability of aryl grou[» to confer upon the attached atom an 
increased tolerance for an electrical charge of either sign is intimately 
associated with certain qualities represented by the term "aromaticity.” 
The enhanced stability of the phenoxide and benzyl anions relative to 
their aliphatic analogs, and that of triarylmethyl cations relative to all 
other hydrocarbon cations, illustrate the intervention of dynamic effects 
of opp(»ite sign. The dual polarizability effects may be attributed to 
the ability of the aromatic nucleus, by means of electromeric displace- 
ments in directions determined by the sign of the charge, to bring about 

** Whitmore utd ooUeboraton, J. Am, Chem. Soc., S4, 3274, 84SS, 3448 (1932). 
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a ot tius diatge primarily at the pom and the ortho podriona, 

and tibence, by secondary inductile displacements, also to the mrta 
podtioDS, so that the residual , atomic charge will ultimately be dia* 
txibuted mex the oitire aystem.^ Owing to the large number of possible 
podticHis for a residual charge the stability of the ions is enhanced. 
Influences of this kind (resonance effects) are significant in a number of 
organic compounds containing multiple bonds; the distinctive feature 
of ananatic systems (p. 1929) is their ability to compensate an elec- 
tronic deficit or an electronic excess with nearly equal facility. 

Class 3 (Groups V, VI, VII). The single links encountered most 
frequently in organic reactions are those of carbon to nitrogen, oxygen, 
and the halogens. The distinctive feature of the electronic configura- 
tions of these links is the presence of one or more unshared electron pairs 
in the valence shell of the hetero atom. 

Owing to the higher effective nuclear charges of these hetero atoms 
relative to carbon, a permanent inductive displacement toward the 
hetero atom will take place in the typical single bonds (+/« effect with 
reference to carbon). The magnitude of the permanent polarization, 
and the deforming power of the hetero atom as a potential anion, 
change in a regular manner with the position of the hetero atom in the 
periodic table. These characteristics increase as the effective nuclear 
charge of the hetero atom becomes larger, i.e., as the atom moves to 
the right within each period: N < O < F, P < S < Cl, etc. The 
diminution of effective nuclear charge with increasing atomic radius 
causes the inductive ^ects to decrease within each group, in passing 
to the higher periods: F > Cl > Br > I, N > P > As > Sb > Bi, etc. 

The defonnability of the hetero atoms and the tendency of their 
xmshared electron pairs to engage in electromeric effects (or donor activ- 
ity) are properties related to the mobility of the electrons in the valence 
shell. Ihese characteristics have an inverse relationship to Ihe polariza- 
tion effects of the hetero atoms and increase in the opposite direction. 
The mobility of unshared electron pairs decreases in going from left to 
right within the periods: N > O > F; P > S > Cl; etc. Within 
each group the electron mobility increases in passing into the higher 
pmods— I > — Br > — Cl > — F;— Sb > —As > — P > — N;etc, It 
should be noted, however, that the mesomeric (permanent) polarization 
effects of the halogen atoms follow the order — F > — C3 > — Br > — L* 

In saturated aliffliatic systems donor activity is restricted to the 
hetero atom itadf but in unsaturated systems may be transmitted 
tiuoogh an totervmung chain (see hetero-^mid eystems). Many of the 

*Vi)t a wndw djMiHNSoii of tlio foor dictiset polar iffoota of tho haloam atoma. ■** 
Krd ud Sm.. «37 (MW). 

^ 1 
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^ VI, and Tn occur 

«m>u^co6r^tion with an acceptor center of the reagent; a few 
examples are indicated briefly in the following equations; 


RiN + H— Br -» [RiN-»H— Br] -» [R^— H]+ Br" 
R— OH + H— Br [r— 0-»H— Br] -v R— Br + H,0 


The permanent polarization effects of these hetero atoms wiU tend 
to create an a^ive center of low electron density (acceptor activity) in 
the system. The introduction of chlorine or ethoxyl in a hydrocarbon 
increases the electron deficit of the carbon to which it is linked 
(relative to H— C). This deficit is overcome in part by secondaiy 
inductive displacements in adjacent links, and by a similar mechanism 
is transmitted with successive diminutions to more distant atoms in 
the system. 


_ * i a & t 

X— < — C — < — H X — < — c " < C— < — H 

X — C — H + Clj — ► [X — C — H<— Cl — Cl] -♦ X — C — Cl + HCl 

As a result of the inductive effects of chlorine and oxygen, alkyl halides 
and ethers will react with donor reagents more readily than the parent 
hydrocarbons, and will undergo direct substitution preferentially on the 
o-carbon atom. The presence of two hetero atoms in close proximity in 
an organic system will lead to an enhanced reactivity of the ^jnstem; 
the result of a reaction in these systems will involve the intervention 
of polarizability effects, steric factors, etc. 


CHt=CH-(Xl,H» + KCl 

CHr-CHCl— OC»H» <( 

RM«^ yOCiHs 

^ CHr-CH< + 

\r 


CHr-CHOH— OC,H, ^ CH,— CH=0 + CjHr-OH 

The inductive effects of halogens and hydroxyl and alkoxyl groups 
result in an increase in the strength of the add when these substituents 
are introduced into an aliphatic system containing the carboxyl group. 
By means of a logarithmic function based upon the ionization constants 
of a series of substituted acids, Derick “ developed certain generaRza- 
tions concerning the influence of the substituent. If the inductive 
^ect of a halogen atom in the oe-podtion is taken as unity, its influ* 
* Owiefe /. Am. CJbm. &e.. SS. 1182, 1181 (»11). 
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moeia tbe fi‘, and ^pontions La the iscHoerio adds iB}4i Ht Hrt 
mqpeodvdy. M<»e leceady HiiKnx, Johna, azid thdr ooli^>onidors** 
have diotm tiiat die polar properties of an extended series of organic 
compounds including R — OH, R— COaH, R — CHa — COaH, R— NHa, 
Rr— HgX, and others, can be expr^sed as an exponential function of an 
arbitrary number representing the “electron-sharing ability” of R 
(inovided tbat R does not contain polar groups). 

In the Kitarated aliphatic derivatives of nitrogen, oxygen, and 
fluorine, the participation of the hetero atom in coordination processes 
is limited to donor activity ainoe their valence shells are restrict^ to an 
octet. In appropriate unsaturated and aromatic structures the donor 
activity may be transmitted through a chain of covalent bonds (see 
hetoo-enoid systems). Atoms of the second and hi^er periods can 
expand their lienee shells beyond an octet, althoo^ they rarely form 
stable organic compounds with an enlarged valence shell. The capacity 
of these atoms to expand their valence shells, and the instability of the 
resulting configuration, suggest that under suitable conditions the 
mechanism of their reactions may involve acceptor activity of the hetero 
atom. This {M^mise may be used as the basis for an explanation for 
certain distinctive reactions of the atoms within a given periodic group 
(see pp. 183&-1840); this view is supported by a good deal of indirect 
evidence. 

Owing to the fact that the permanent polarization effects of these 
hetero atoms enhance the acceptor activity of adjacent atoms, it seems 
probable that acceptor activity of the hetero atom itself is associated 
largely with polarizability factors. It is observed that the general 
tendency to erg>and the valence shell beyond an octet is more prominent 
in the larger atoms and follows the trend of polarizability effects. The 
greater capacity of iodine to behave as a relatively “positive” atom in 
its reactions affords an illustration of this trend.*^ 

R— a (and R— Br) + H—OH [R— Cl H-CH] R— OH + HCl 

•hift 

E— -I + H—OH R— I-+H— OH R— OH + HI 

E— l4-OHi R— H + HOI 

•Un 

One may antic^te that the influence of substituents upon the 
ncirmiil leaotioDS vill be revised for “abnormal” reactions, and this 
ai^ean to be true. The reactivity of n-propyl chloride in a typical 

Salm. and oeOabonton. SHd., a. 1780 (1927): BO, 108 (1928); BS, 4307 
(1981) ; f«, 8971 (198^ ; /. Phv*. CA«in.. 84, 2218, 2220 (1930). 

2081 (1921): 49,1^ 1801.1806 

(isasT). 
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metaifaetical leaction is much greater than that of uopn^yl chloride, 
but in an "abnormal” reaction, such as the formation of alkyl chloiides 
from the iodides and mercuric chloride, isopropyl iodide reacts at least 
fifty times more rapidly than nrpropyi iodide.® 

A comparison of certain reactions of the alkyl derivative of atsemc, 
antimony, and bismuth with those of the corresponding elements of 
Group IV (tin, germanium, and lead) affords an interring illustration 
of the influence of polarisability effects upon chemical behavior. The 
formation of salts of the type [(CH3)4Sb]''‘Cl“ may be taken as a char* 
acteristic reaction of the elements of Group V (B-subgroups) ; the 
removal of the alkyls by means of halogens is a typical reaction for the 
elements of Group IV, and earlier groups. The first reaction occurs 
readily when the alkyl derivatives of arsenic or antimony are treated 
with an active alkyl halide, but the alkyl bismuthines behave differ- 
ently. Trimetbylbismuthine reacts with methyl iodide upon warming 
but it yields ethane and methylbismuth diiodide instead of a bismuthoni- 
um salt.® In this respect the bismuthine resembles alkyl derivatives 
of sine and mercury rather than those of arsenic and antimony. 


R,Sb-»CHr-I tR^b]+I- 
RiBi<— I — CHa R*BiI + R — CHa 

CHgl 

R — Bilj -|- R — CHa 


The anomalous behavior of the bismuthine suggests that the natme 
of the reaction is altered by a difference in the relative polarizability 
effects of antimony and bismuth with reference to ic^ine. The behavior 
of the stibine is like that of amines with alkyl halides, but that of the 
bismuthine probably involves coordination of the bismuth and iodine 
atoms. This process facilitates the separation of an alkyl amon froin 
the bismuthine and its combination with the poatively polarized alkyl 


group of the alkyl halide. . . 

In their behavior toward the free halogens, there is a c^m 
blance between the alkyl derivatives of the elements \ 

Group IV. Phosphorus, arsenic, and antunony form bahdes o 
type E^PClj, RaPCla, and RPCU, which are generally stable enough to 
be isolated. Upon warming, they tend to undergo deattylation an 
yield products similar to those obtained by the action of 
the alkyl derivatives of the elemente of the earher groups. The normal 


RjAb + Cli -♦ RjAsCl* > 
R4Ge + CU — » [RiGeClj] — > 

« NJeoIet mkI Potto, ibid., 80, 212 (1^). 

“Bwed. Ann.. M. M» DOnl-upt. Ann., 

*0. 1616 (1887) ; M. 2036 (1888). 


RjAsCl + R-~C1 
EjCleCl -fi R — Cl 

tt, S71 (1864) : Monpiardi, Bw, 
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itoa (rf tin peDtftvalmt chlorides of the 6f iii group dan^ts is probahljr 
that in wMdi omtral atom is 5*covalent; 8td}Uity rdative to 
the oorreE^xmding compounds of the earlier groups is due to the hi|^er 
dfeciive nuclear char^ of the central atom. bismuth alkyls are 
(^composed directly by halog^, but the tiiaryl derivatives form 
stable crystalline dihalides of the type RsBiClg. 

Hydrolysis of tl» 5-oovalent dihalides gives oxygen compounds in 
nddch the central atom reverts to an octet. The central atom is undoubt- 
edly only 4-covaIent in the normal forms of the arsine oxides, arsinic, 
and arsonic acids (and in the corresponding derivatives of phosphorus 
and antimony). 

Mult^le Covalent Bonds. When there are not enough electrons 
in a molecule to provide each atom with its stable octet by the process 
of formiug singie covalent bonds, two contiguous atoms may share a 
second or third pair of electrons. The extent of this sharing is by no 
means so complete pr unambiguous as in the single bond ; furthermore, 
the ability to share a second or third pair is almost entirely limited to 
carbon, nitrc^n, and oxygen.* Ihis property appears to be associated 
with the helium configurations of these atomic kernels; the “double 
bonds” of phosphorus, sulfur, and other elements of Groups V, VI, and 
Vn, outsdde the first period, are usually coordinate finks. The behavior 
of systems represented for convenience by formulas such as SiO*, 
R — Si02H, R — GeOaH, etc., is consistent with the view that these sub- 
stances are actually polymerized in the normal state and would be more 
accurately represented as “giant” molecules. In the case of boron in 
the alkyl boric oxides, R — B==0, the polymerization gives a cyclic 
trimer analc^oiis to the trimeric aldehydes.*” 


OH 

I 

R — Ge=«0 


OH 


R 


OH 


R 


OH 

I 

— Ge — 0— : 

I 

, R 


-H 


3R — ^B*=0 


“Giuit'' molaoule (linear polynwr) 

R— b/^B— R 

^ i I 


R 

CyiSh trifMT 


»J(olmaa& and Bavdcr, Oquio Choitiatrr SxiopMdiiia, BoebMtw 
€^m. Am,, mg 107 (183S} ; M*. idM, ISlaaey aad Pont*, dut, M, 107 (1030). 
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Lewis 1 pomted o«t that the sharing of more than oro electron pair 
by two atoms represents, because of the mutual repulsion of the nuclei, 
a point of weakness or condition of strain in the molecule, and this tends 
to keep the system from settling mto a state of hi^ stability and low 
electron mobility. Furthermore, the formation of a multiple bond is 
accompanied by a diminution of the intemuclear distance; this amounts 
to about 10 per cent for a double bond and 20 per cent for a triple bond, 
He drew the conclusion that the properties of substances with multiple 
bonds are due to an extent of sharing of two or three electron pairs 
which is probably less than that indicated in the usual graphic formu- 
las, but the sharing must be assumed to have some physical reality in 
order to account for the existence of geometrical isomerism and similar 
steric phenomena. 

True covalent multiple bonds of the types A=B and AsB are 
regarded as capable of existing in an inactive form in which both atoms 
have a valence octet, and a reactive form in which electromeric displace- 
ment of an electron pair creates an electron deficit in the valence shell 
of one atom (an open sextet) and an increased electron mobility in the 
other.'^ The typical states of a double and triple bond may be repre- 
sented in the following manner (see, also, p, 1846) ; 

A==B A— B A=B 

AsB 7 ^ AsB AsB 

Activ«t«d aiAte NomuJ state Activated state 

The symmetrical active forms that would result from a rupture of 
the binding pair would give each atom only seven electrons. It seems 
quite improbable that this mode of activation is agnificant in the typical 
reactions of unsaturated systena. Lewis has expressed the view that 
the pairing of electrons (“rule of two”) is even more fundamental than 
the octet rule, and that a substance containing unpaired electrons would 
be far more reactive than ethylene actually is. 

The active fonns are assumed to be extremely mobile and capable 
of only momentary existence, so that their concentration is always small; 
owing to the reversibility of the electromeric displacement there is equi- 
librium between the active and inactive forms. If A and B are differ- 
ent atoms, then, in the activation process, the atom having the higher 
effective nuclear charge will tend to retain the electron pair and the 
atom having the smaller nuclear diarge will become the deficient atmn 
io the active fmm. The direction of addition of un^ymmetrical addenda 

" CwotlMn. J. Am. CKm. Soe., «. 2236 (1024). 



cotcukHHD cssksmxr 

(SX, «tc.) Hitt be Beleetiye aod will be determioed easeo- 
th% by the electioiuo eoafig^tiOQ of the dcnniiiant active lom” 

IwA, RiO^H, R— cSn 

^oe the tHo atoms remain attached by one covalent link (two in the 
bond) the deficient atom never gets far away from the disidaced 
<tetron pair. 

The electromeric displacement will affect the remaining covalent 
links (shared electron pairs) and the mobility of unidiared electron pairs 

in the entire system. The di^lacement AbB will increase the donor 
activity of B and will have a dynamic effect of electron-release in the 
covalent links of B with a substituent. This dynamic influence can b^ 
^ective in chemical reactions only through unshared electron pairs or 
other multiple bonds in the substituent; it can interfere with the acceptor 
activity of B or its substituents only by promoting a different course of 
reaction. Electron withdrawal by B will increase the acceptor activity 
of A and tiie atoms or radicals attached to A, and will facilitate their re- 
activity toward a donor reagent. A carbonyl group will increase the 
proton-escaping tendency, and diminish the availability of electrons, in 
the system into which it is introduced. Thus, acetic acid is a stronger 
acid than methyl alcohol, and acetamide is a weaker base than methyla- 
rnioe. 

It must be noted that the electron attraction of a carbonyl group (or 
other multiple bond) does not impede the separation of an anion from 

the o-carbon atom in a system such as Cl — CH 2 — A=B; in fact, it can 
fadtttate the elimination of the potential anion (i.e., replacement by 
another) by 4Ui indirect process su^ as that indicated below. 



In ketone the electromeric effect dt oxygen, and 

the transmitt e d l p <b ictive effect due to the halo^Bn, enhance the decti'on 
d^rat carbon. Untto ^l^nqniate oooditicaia the defi- 
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<s0Dt oaibon 'wiU co6rdinate with a donor, such as trizoetbylamine <» an 
elhoxide anion, to form a neutral complex or a complex amon. In either 
case the oxygen has a high residual negative charge resultmg from the 
acquisition of the electron pair of the double bond; the electrMneric 
effect will tend to be reversed and the elimination of halide ion from the 
cmnplex is facilitated. As this occurs the entering donor center becomes 
Tinlre d to the a-carbon.* The effect of the reversed electromeric dis- 
placement will diminish rapidly as additional CH2 groups intervene be- 
tween the halogen and the carbonyl group. 

In many instances, reactions of the typical systems, such as 0 =N, 
N= 0 , and 0 = 0 , involve a preliminary coordination in which nitrogen 
or oxygen acts as a donor; this process facilitates withdrawal of the 
electron pair from the adjacent atom in the link and also increases the 
mobility of the potential donor center in the reagent molecule. The 
reactions of these systems with Grignard reagents ” has been inter- 
preted in this way (p. 1880 ) ; the normal reactions involve an Hj-y-migra- 


OEti 

i 

— Br * 1 " 


OEti OEt, 

1 ttvY** ^ 

R,C==0-»Mg— B t — R/>-0— Mg— Br 

1 BtUIv i t 

CH, CH, OEt, 


tion of the potential organic anion to the deficient atom of the unsatu- 
rated system. The fact that ethylenic and acetylenic bonds do not 
react with Grignard reagents is indicative of the importance of unshared 
electron pairs of nitrogen and oxygen in the activation mechanism. 

The extent of electromeric displacement in the systems A=B and 
AsB, under a given set of conditions, will increase as the opposed nuclear 
charges become greater and for a given compound will be influenc^ by 
such factors as the temperature, concentration, charactensrics of the 
medium, catalysts, etc. This permits an explanation of the ^erenoe m 
reactivity of different multiple bonds under the same coitions, and of 
the same multiple bond under different conditions.” susreptibil- 
ity of a systmn to perturbing influences of substituents (mtem^ factors) 
and of external factors wiU increase as the difference m opposed nudeax 
charges becomes smaller, and therefore reaches ajnaxm^^ ^ 

and B are the same element. In systems such as BA—HG=^n kb 

and Rx-N«N-Rb, the configuration of the active 

upon the relative influences of the substituente Ra and Rb, and bote 

• Th. do «»< rZ' 

the poaubiUty ol dJoUtiOT within tl» r 0 »n it*K be eBmiiuited 

HoporUnt part in «rt^ oMe». It « obvious ^ l^ve would yi«W nn 

u an Mloriw ii> Ct-CO-CfliO. the oomple* wuon mdicnted Above wonw yiam 

eater iniKMd of 1ib» ethoxy ketone. 
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active fom^ may result. In general these sterns exhibit a definite 
orientation in their addition reactions; the process of activation involves 
the interaction of polarization and polarizability effects of the substituent 
mid the multiple link under consideration. 

The inductive effect (electron-attraction) of the hetero atoms, nitro- 
gen, oxygen, and halogens, in their links with carbon, will facilitate a 
reaction involving the enhanced acceptor activity of 1-covalent hydrogen 
in the attached system, but their electromeric effects of electron-release 
i—E) will foster a dynamic displacement toward the |3-carbon atom (see 
betero-enoid ssrstems). Consequently, in the orientation of addition 
reactions only the —E effect will be significant. The inductive effect 
of alkyl groups (electron-release relative to hydrogen) will also be of 
assistance in the orientation process. For sinular reasons the induc- 
tive electron-release of an atom such as boron will be opposed by its 
capacity to exert a dynamic effect in the opposite direction. The antici- 
pated orientation in the addition of an unsymmetrical reagent is indi- 
cated below for several ethylenic systems. 

Br— CH=^H, H— X Br— CHX— CH, 

CHr-»— + H— X CH,— CHX— CHj 

Br— CH,-CH=Q:H, + H— X -» Br— CH*— CHX— CH, 
RO^H=QjH, + H— X -» RO— CHX— CH, 

+ H— X -♦ 0=C— CHr-CH,X 

Recent work of Kharasch and his associates ” supports the notion that 
the normal addition of hydrogen bromide to the first three of these 
systems follows the course indicated, but it was observed that the 
presence of minute amounts of active substances such as peroxides can 
suffice to bring about the formation of a large proportion of the isomeric 
product. The fact that thiophenols usually add exclusively in a direc- 
tion oppomte to that of most reagents appears to be due to the presence 
ix&oes of disulfides, which have a peroxide effect; when these impurities 
are rigonnudy excluded the mode of addition Is the normal one.^ 

The orimrtation of addition reactions of unsymmetrical olefins and 
acetylenes involves the relative effects of electron-attraction and elec- 

" EhanMch andjlikibontara. J. Am. Chem. Soe., SB, 2468, 2621, 2531 (1933) ; M, 712, 
1212. 124#|426. ii|Pia34) ; S8, 67 (1936) ; /. Soe. Chtm. Ind., Si, 939 (1936). 

646 (1906); AihworUi aad Burkbardt, J. Chem, Soe., 1791 (1928); 
Cmem$, Soe.,«l, 2008 (1983); Jo&m and OXd., M, 2463 (1938). 
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troa-release in the hydrocarbon substituents. In the aliphatic series 
the relative electron-attraction diminishes as the number of hydrog^ 
atoms on the a-carbon is reduced ; CH3 > C2H5 > primary > secondary 
> tertiary groups. All these groups have an effect of electron-release 
relative to H — C ; consequently the principal active configuration of an 
unsaturated hydrocarbon will be that in which the electromeric dis- 
placement occurs toward the carbon bearing the larger number of 
hydrogen atoms. The addition of reagents such as H — X and X — OH 
will tend to occur in such a way that the donor center of the reagent 
unites with the carbon atom bearing the larger number of alkyl groups 
(c/. Markownikoff’s rule). The predominating active forms of several 
hydrocarbon systems are indicated below; the observed (normal) addi- 

CHr-C= 3 cH— CH, CHr-C^CH C.Hs— CH:Q 3 Ht C,Hr-Cs6-H 



^ (CHr-CHr-CHBr— CHr-CH» 

CHr-CH,— CH==CH-CH, + H— Br | (TSperoMiO 

\ CHr-CHj— CHj— CHBr-CH, 

(22 per cent) 

tions of these systems support the anticipated selective activation. In 
the case of pentene-2, containing the two similar alkyl radicals methyl 
and ethyl, it was found that addition of hydrogen bromide gave a 
mixture of the isomeric alkyl bromides in which the normal product pre- 
dominates, i.e., 78 per cent of 3-bromopentane to 22 per cent of 2-bromo- 
pentane,’* In the addition reactions of arylated systems such as styrene 
and phenylacetylene, the phenyl group has an effect of electron-release 
relative to hydrogen; the electron-attraction of aryl groups facilitates 
substitution in the unsaturated side ch^ but does not contribute to the 
orientation of addition reactions. Triphenylethylene, for instance, 
forms with bromine an unstable addition product which decompose 
readily to give triphenylvinyl bromide. 

Different opinions are held concerning the intimate mechanism of 
addition reactions of the olefins. Ingold and Robinson consider the 
addition of hydrogen halides, halogens, and other typical reagents to 
be initiated by the union of a poative atom (acceptor or electrophilic 
center) of the addendum with the atom acquiring the untiiared electron 
pair in the activated form of the olefin. Carothers ” has exprrased 
the view that the first step is the completion of the electron deficit in the 
valence (diell of the positive atom in tite active form of the olefin, by 

** Lium and Moyw, J. Am. Chetn. Soe., 47, 1459 (1925}> 

CMothera and tMd., 69, 1628 (1935). 
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ucteaUB of an tmahated electron pair of the addendum. So far the 
addi^on reactions of simple olefins are concerned, the same final product 
would be anticipated from eith^ view of the intimate mechanism of 
^ proceffi. 

H 

HC-* H 


H X 

H— H («+) X 

F + I / 

H— C Br(«-) \ 

^ \ 


HC* Br 
R 

H 

HC:H 


H— €— Br 


H 

H— C— H 

I 

H~'C~~Br 

R 


Olefins and carbonyl compounds exhibit a rather definite contrast in 
their behavior toward chemical reagents (p. 632). Olefins add halogens, 
halogen adds, nitric and sulfuric acids, ozone, per-acids (R — CO3H), 
and oxyhalogen acids, which are electrophilic reagents. Olefins do not 
react in general with nucleophilic reagents such as ammonia and its 
derivatives (IINH 2 , NHjOH, NH 2 — ^NH 2 ), alcohols, alkalies, cyanides, 
and Grignard reagents. The carbonyl compounds, on the other hand, 
undergo reaction with the latter group of reagents. Largely because of 
such differences in the facile type of reactivity, Ingold and Robinson 
r^;ard the olefiits as nucleophilic (donors) relative to the reagents, and 
the carbonyl compounds as electrophilic (acceptors). This view appears 
to rest upon the assumption that the ability of oxygen to contribute to 
the activation process by m^ns of its unshared electron pairs is trivial 
in relation to the reactivity of the carbonyl compounds; but in the 
activation of an olefin the electronic excess of one carbon atom is assumed 
to be respondble for the Ultimate acceptor activity of the other. 

Robinson " oonsiderB that, for an equal degree of electronio excess 
or ddect, any carbon atom is much more active in the former condition 
and that the ext^t of electromerio change (' 'activation level”) nor- 
mally found in olefins is not sufficient to initiate reaction with a donor 
recent, iuidition reactions are regarded in thk way: "When the 
anionoid (d<mor) center is an olefin which begins to donate electrons to 
an external molecule, the electromeric change will naturally take a 
farther step, and an adequate defect of electitms on the second carbon 
w &e pair is established and real kationoid (acceptor) activity becomes 
” Bobtnsoix, /. Boe. Dytn CdUmtU^, Jmu», SS (19S<), 
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poestble.” Hie contribution of external acceptor and donor centers in 
the activation of olefins and carbonyl compounds may be expected to 
vary with the environment; in either case the seat of unsaturation in 
the activated form must be the incomplete valence shell of the deficient 
atom. 

In systems containing covalent triple bonds the theoretical consid- 
erations are essentially the same as those applied to the olefins. The 
addition reactions of acetylenes and of nitriles indicate that the dom- 
inant active forms are those anticipated. 

R— C(OH)=CHs R— CO— CH, 

R-C(OCH,)=CH, R— C(OCH,)r-CH» 

R — CBr=^3H 2 

R— C(OH)=NH R— CO-NH, 

R— CX=NH 
R,C=N— MgX 

acetylide anions, [R — and 

a $ 

[R — C«C — afford examples of the effect of ionic charges upon the 
configuration of the active forms. In the diazonium cations the large 
residual positive charge of the 4-covalent nitrogen tends to bring about 
withdrawal of an electron pair from the multiple link and to create an 
electron deficit on the d-°itrogen. Under appropriate conditions an 
active donor may add at this seat of unsaturation and give rise to diazo 
structures (o). On the other hand, under certain conditions unstable 

(o) [Br-N=N!+ + [:OHl- - R— N=N-OH 

(6) (R,_H-N=NJ + a- + CuCl -► [R-*-Nr-Cuat] -+ R— Cl -I- N, + CuCl 
(c) IR— <^sC— ]~ -I- 2H— OCJHf -* R^-CH==CH— OC2H2 + [C|H»0]“ 

complexes can be formed in which the strong electron-attraction of the 
positively charged center will facilitate migration of an organic cation (6) . 

In the acetylide anions the high electron density of the terminal car- 
bon will favor electron-release, and the direction of the electromenc 
effect may be expected to be the reverse of that in the acetylene itself. 
Indeed, the orientation of the addition of alcohols to acetylenes is re- 
versed in the presence of strong alkalies (c). 

The covalent triple bonds in carbon monoxide and the isoc3ranideB 
are of an iinnwi al type, owing to the presence of an undhaied dectron 


EsSOa 

R— CsCH + HOH 

R — Q:- ■ :C — H -f- H — OC£[| > 

R— C^CH + HBr — ^ 

R-c£n + HOH > 

R— C=N + HX > 

R— C^N + R— MgX > 

The diazonium cations and 
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pair oa Idie carbon atcan in the normal state of the molecule.^ Hhe 
stroi^ eleotron-attraction of oxygen or nitrogen will tend to create an 
electron-deficit on the carbon atom and facilitate its oodrdinaticni with 
a donor oenter. In the resulting complex an acceptor center may then 
migrate to the unshared electron pair of the carbon (a,|3-ehift), and the 
net result is that both fragments of the addendum become attached to 
the cadx>n atom. 


:CfeO; -f Cl* fci— Cl-+C=6;l - > Cl— C=<0 

L .. .. J .wt I 

Cl 


R+ H— OH 



0— 


i J 

*• 

-1 


H— O— C=:N— R 

1 ** 

H 


H— O— C=N— R 

I 

H 

0==CH— NH— R 


The physical properties and reactions of these systems indicate that 
carbon atoms which have been represented as bivalent in the conven- 
tional formulas actually have a complete valence octet made up of a 
triple covalent link and an unshared electron pair. 


POLyFOncnORAL electromekic systems 


The union of two or more centers that are capable of taking part in 
electromeric displacements may give rise to systems of diminished reac- 
tivity owing to internal compensation (resonance effects), or of enhanced 
reactivity resulting from a favorable combination of activating effects. 
The direct attachment of one or more unsaturated units, such as 
— CH=CH — or — CfeC — , to an active donor or acceptor center per- 
mits a transmission of the activity to a more remote atom in the system. 
Hius, the acceptor activity of the carbon atom of a carbonyl group or 
olefin may be transmitted to the fi-atom of an attached unsaturated 
system; tto donor activity of oxygen or nitrogen may be transferred in a 


O-CH— CH*=CHj 
R 


CH^=CH— CH=-CH— R 


H,N— <3H*-CH— R 
IT Baiaiaiek. Nnr> Kdcwick, aad Suttos, J. Chem. See., 1876 (1080) ; Sidswiok, Chim 

. *. » aosi). 
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similar way to the ^-carbon, in an attached group. Hie l,4-ad!(iitlon 
reactions of of,^unsaturated carbonyl compounds and of l,3*dienes are 
fa mi lia r examples of the first type; the carbon alkylation of ethyl aceto* 
acetate and /3-aminocrotonate illustrate the second type. 

Vinylogous Sjrstems. Fuson ™ has formulated the following gen- 
eralization concerning the propagation of the influence of a functional 
group along an unsaturated chain: When, in a system of the type 
X — Y===Z or X — Y=Z, a structural unit of the t)^ — (C5==C)~ is 

interposed between X and Y, the function of Z remains qualitatively 
unchanged but that of Y may be usurped by the carbon atom attached 
to X. It is proposed to term such a group of compounds a vinylogous 
series, and the members of the series vinylogs of one another. Thus, 
acetaldehyde, crotonaJdehyde, and sorbic aldehyde may be regarded 
as a vinylogous aeries, where X is CH3, Y=Z is — CH=0, and n = 0, 

CHr-CH=0 CH,-^H=CH— CH==0 CHr-CH=CH— CH=CH— CH=0 

1, and 2. Evidence of the effect of the carbonyl group on the terminal 
methyl groups in crotonaldehyde and sorbic aldehyde is shown by then- 
ability to undergo aldol condensations forming the higher members of 
the series. Likewise, ethyl crotonate and sorbate undergo condensation 
with ethyl oxalate in a manner similar to the reaction of ethyl acetate. 

CHs— (CH=CH),— COjEt + COjEt CO— CHj— (CH=CH)n— CO,Et 

I - I 

COjEt COjEt 

In disubstituted aromatic derivatives of the type A — C6H4 — B, the 
ortho and para compounds will have a \inylogous relationship to the 
system A — B, but the meia isomer will not be a vinylog of A — B. Thus, 
the methyl group of o- and p-nitrotoluene is activated, resembling 
CH3 — NO2, but that of w!-nitrotoluene is not. 

CH*— NO* CHr— C=C— NO* CHr-C====CH— CH=====C— NO* 

/ \ \ / 

HC CH CH==CH 

CH— CH 

Hetero-Enoid Systems. The combination of a hetero atom such as 
nitrogen, oxygen, or sulfur (in their lower covalent states) with an 
unsaturated ^stem by means of a single link is termed by Robinson a 
hetero-enoid system. In these structures the hetero atom tends to 
increase its covalence with the o-carbon of the unsaturated system, and 

» Fuson, Chmt. Sei., l*. 1 (1836) ; see, slso, Chsptor 7, p. «(33. 
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M fb Msolt ilie doQOT activity (seat of attack for acceptor reageotB) 
may be taiaaaimtted to the |3-carboa atom. 

H|N — 0**»C -f- CHf — C— ~0H|] "^X”" 

« a « fl 

Activation of tbe o< and p- positions of the aromatic ting toward 
acceptor reagmits, by substituents such as — OH, —OR, — NH 2 > and 
Uie hidogenB, may be attributed to the transmissioa of the donor activity 
of Uiese betero atoms. 

The effectiveness of the hetero atoms in increasing the degree of 
pdarization of an attached ethylenic or aromatic system involves the 
interplay of several distinct polar effects, and the ob^rved sequence will 
vary according to the relative contribution of each effect in the reao- 
turn or in the equilibrium under consideration. As a practical guide 
Robinson g^ves the following rule; if a series of bases X — H, X' — ^H, 
X" — is arranged in the order of dinainishing proton afl&nity, then the 
systems X — C==C, X' — C=C, X" — C==C are arranged in the order of 
dimimsbing polarization and of diminishing donor reactivity exhibited 
by the carbon atoms. Negatively charged groups as in the phenoxide 
and raol anions will occur at the top of the scale of effectiveness, but the 
participation of the hetero atom in some other conjugated electromeric 
system (involving its available electmns) will diminish its effectiveness. 
The order of effectiveness will therefore be: 

— NH > — 0 > — NHj > — OH > — 0 — CO — CHj > — I > — Cl 
— NHCH, > — NH, > — NH— C,H, > — NH— CO— R > — N(C(>-R), 
— 6— CH, > — O— CH, > — O— C«H» > — O— CO— R > — (SR,)+ 

The heterocyclea of aromatic type (p. 127) such as pyridine, thiophene, 
furan, and pyrrole may be regarded as hetero-enoid oydes. 

Heotralized Systems. The union of a donor and acceptor center 
may be expected to result in diminished reactivity of the system owing 
to intmial compensation. This effect is evident iu the imion of the 
carbonyl group with donor systems such as — OH and — NH 2 . In a 
series of B}r8tans of the tjqbe X — 0=Y, when Y is kept constant, the 
Strength <k the ipieqmal ^ect will depend upon the dectron-reiease of 
Xt and will oone^ii^ to the fcdlowii^ sequence: 

O— C^O > RO— 0=*0 > Cl — C^^ ^ H"*~C""0 

1 1111 

1^; 

In the eaiiiinTlate ion the toassfotenoe is equival^t to half an electron, 
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fliofie tlie mesomerio form of the anion is symmetrieal with reinject to the 
oxygen atoms. 

The transition for the carboxylate anion involv® m^^ly the dis- 
placement of an ionic center, but that for formally neutral systems 
(amides, esters, acyl halides) require the creation of an electrical dipole. 
The mesomelic effect is therefore much less than that required for a 
completed interchange. Physical evidence indicates that the order of 
magnitude of the mesomeric polarization of formally neutral systems is 
actually about one-tenth of that required for complete polarization. 
The effect of the whole group X — C=Y upon a system attached at C 
and the neutralization effect within the group are opposed to each other. 
Consequently the permanent positive polarization (and the acceptor 
activity) of the carbon atoms in these systems is the reverse of the 
above sequence. 

If X remains constant and Y is varied, the extent of internal neu- 
tralization will be determined by the +T effect of Y, This may be 
illustrated by the following series: 

+ 

RsN— C=NR, > R,N— 0=0 > R,N— 0=NR 

I I I 

In this instance the acceptor activity of the carbon atom follows the 
same sequence and is not reversed, since the effect of R 2 N — remains 
constant. 

The effect of variations in the central atom may be shown by a com- 
parison of structures represented by the general formula X=Y — X, 
where X is oxygen and Y is carbon, nitrogen, sulfur, or oxygen. In this 
series the acceptor activity of the central atom increases as its effective 
nuclear cbaige becomes greater. 

\ + - 1^ + - - 

0=0 — O > 0=S — 0 > (^=N — 0 > 0=0 — 0 

I I 

R R 

In other neutralized sj^tems of the form X=Y — Z, the general prin<a- 
ples outlined above may be used to judge qualitatively the relative 
reactivity of a series of related compounds. 

1,2-Dieaoid Systems. The 1,2-dienes (allenes) and related oonur 
pounds containing doubly linked nitrogen and oxygen may be written 
in the general form X=“Y=Z. These systems may be considered fimn 
the standpoint of the availability of the electron pairs of the midtiple 
linlra and of Unshared electron pairs on the atoms X and Z. The troad 
of the electron displacements may be conmdered convaumitly by 00m- 
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pmag in wiucli one oe two of the oonqMWQtB the etystems 
moain ocmstant. In Ihe first series indicated below, where X»Y is 
RsO-C, the polarisation of Z (and electron deficit of Y) increases 
ftran the allenes to the ketenes. The internal effect of neutralization 
due to a compen»ting mesomerio electron-release by X must be ex- 
tiemely small sinoe X does not have an unshared electron pair. 

Il*0>=C!=aCH* RiO=Os=0 Rj(>=0=CR» 


R*C™0=NR R — N=C=0 R — N==C=N — R 

R*0==C=0 R — N=N==CRi 0=0=0 

In the prindpal active form the atom Z withdraws an electron pair of 
the link Y=Z, giving rise thereby to an acceptor center at Y and a 
donor center at Z. The reactivity of these systems toward donor re- 
agents will increase as the effective nuclear charge of Z becomes greater. 

In their reactions with unsymmetrical reagents the donor center of 
the reagent will become attached at Y but the acceptor center of the 
reagent may become linked at either X or Z, owing to the intervention 
of electromeric shifts in the course of reaction. 


3 8 «- 

RjC^«=C=CH* -f- A — B 


‘R,0=C-CHr- 

T 

A— B 


RtC=C — CHj — B 

I 

A 

l,2'«dditton 


R,C=C— CH, 


RjC — C=CHj 


A— B B A 

2,34ddition 

The fact that the allenes of type R 2 C==C=CH 2 yield exclusively 
methyl ketoues upon hydration indicates a marked selectivity in the 
pmnt of attack of the donor center of the reagent. The addition of 
hydrogen bromide leads to a mixture of isomeric 2-bromo olefins which 
may arise by fixation of the 8eoept<n' center of the reagent in the 1- or 
3-poeations.'’* Ihe absence of correj^nding isomers in the hydration 
reaction may be attributed to the fact tiiat 1,2- or 2,3-addition of water 
would merely give isomeric enol forms of the methyl ketone. 

iiC-aOH)— CHi and Rrf3H— C(OH)=CH, 

Ingdd has.|ipiliCed out that a number of systems of the general 
Ibrm Xa^^SfK^ntain systems capable a meaomeric state owing 
tlO] S. 403 (t938). 
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to the pTesence erf an unshared electron pair on the atom X or Z. Hie 
alternative structure in this case would contain a triple linlr and would 
have the general fonn X — YsZ. The second series given above in- 
cludes the ketenes, isocyanates, and aliphatic diazo compounds as 
characteristic examples. The ketenes and aliphatic diazo compounds 
illustrate systems in which only one of the terminal atoms can furnish 
an unshared electron pair. In the azides and isocyanates either ter- 
minal atom can furnish an unshared pair, and two different mesomram 
polarizations are posable (Table XIX). 


TABLE XIX 

Mssomeric Effects m Steuctores X=Y=Z 


Type 

Formula 

Mesomeric 

Polarization 

Alternative 

Structure 


! 



Ketenes 

;RjC=C==0 

RjC=C=0 

RjU — C^=0 

Diazo compounds . . 

i 

;b^c=n=n 

B2C=N==N 

! 

RsC— NsN 

Azides 

1 

R — N=N=N 

R — N=N==N (major) 

R— ii— N^N 



R — (minor) 



p — — r. — <y 


R — N=C — 0 

R — N — CfeO 

1 

i 

i 

R — K=C=0 (minor) 

Carbon dioxide. . . . 

o==c=o 

o=c=o 

0 — C^O 


The addition of alcohols and amines to ketenes and isocyanates may 
be regarded as a direct combination of the donor center of the addendum 
at the carbonyl carbon. The postulation of an enol form of the inter- 
mediate is unnecessary since the acceptor center of the addendum may 
shift directly to give toe more stable form (ester or amide). 


NH| 


R,C=C=0-^ B^C=C— 0 
NH, 

i 

R,0=C— OH 
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^Hhe tif balogea adds may occur by a shuikr mechanism nr 

xnay be Initiated by oodrdination of tbe carbonyl oxygen with an aoo^tor 
oentor tibe addendum. The fact that ketenes generally react more 
rapidly with active donor addenda than with acceptors may be con* 
dd^ied to favor the fcamer view. 

The reaction of ketenes and isocyanates with Grignard reagents has 
been studied by Gilman,*** and in these cases there is undoubtedly a 
{vehminary coSrdination of the carbonyl oxygen. 


Ri0=0=0— ► 



X 

R 


R,0=»C— OMgX 
R 


R,0=C 


yOR 

^R 


Diphen 3 dkdene, on treatment with phenylmagnesium bromide and 
subsequent hydrolysis, was found to give the stable enol form of di- 
phenylacetophenone (pp. 514 and 663). A similar mechanism was 
demonstrated experimentally for tbe isothiocyanates. 

Although the existence of alternative structures of the type 

• « 

BflC — C^O (Table XIX) for the ketenes has not been verified experi- 
mentally, the fact that acyl substituted ketenes show a strongly dimin- 
ished acceptor activity suggeste an internal neutralization of the fol- 
lowing type: 

0— C=CH— 

1 

R 

n 

In these structures the strong +E effect of the a,d-unsaturated carbonyl 
system opposes the normal electromeric polarization of the ketene 
c^ihonyl group and rdnforces the mesomeric polarization. In the 
resultii^ structure (11) the electronic excess is transmitted to the car- 
bonyl oxygen and the resonance between I and II has the effect of 
Himmiahmg the reactivity toward an external donor molecule. 

l,3«l>ieQ0]d and Polyenoid Systems. The union of two or more 
multmle bfmds in a 1,3- or l,3,5-relation8hip gives rise to an interaction 
(coajugation) within the ^st^. The extent of this interaction varies 
over a wide rafage, and tte behavior of the systems is influenced by 
internal and ektemal faetom. Conjugate addition at the 1,4- or 1,6- 
positbnB arises tmn ito ability of tbe system to transmit an electronic 
deficit, resulting fnnn the electromeric polarization of one multiple 

*• Oifaaan and ccdhtiCnton, J. Am. Chem. 3oe., tf, 1010 (1920) ; M, 403 (1924). 


0=C — CH=C==0 

I 

R 
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bond, to the tenninal atom of the second or tbird maltipk bond (o 
and 5). 



Aside from the conjugate active form the l,3-<iieiie may exist in non- 
conjugate active forms (a', a") and the 1,3,5-triene in partially con- 
jugate or non-conjugate active forma (5', 6")- 

(o') --(>=C— ^(>=C— 

(a") — <>=C->— cQj— 

It has sometimes been assumed “ that typical 1,4-addition reactions 
of the dienes involve a completed 1,2-addition followed by allylic 
rearrangement. The interpretation of much of the experimental evi- 
dence bearing upon this point is uncertain owing to the facile intercon- 
version of the isomeric 1,2- and 1,4-adducts, and the effects of oi^gen 
and peroxides.®* Nevertheless, there is now definite evidence that 
chlorine “ and halogen acids " yield 1,4-adducts directly in certain 
instances, and the hypothesis that they necessarily arise by allylic 
rearrangement must be abandoned. Reagents such as halogens and 
halogen acids usually produce a mixture of 1,2- and l,4-adduct8, whereas 
perbenzoic acid “ yields only 1,2-adducts (substituted ethylene oxides), 
and malmc anhydride only l,4-adduct8 ® (p. 668). 

Kharasch and his collaborators ® have found that, in the absence of 
oxygen and peroxides, and in the presence of an antioxidant, butadiene 
adds hydrogen bromide at low temperatures to give principally the 

1.2- adduct, 3-bromo-l-butene (II). At higher temperatures under the 
influence of hydrogen bromide, and particularly imder the combined 
influence of hydrogen bromide and peroxides, this product rearrai^^ 
to I. The addition product obtained in the presence of air or added 
peroxides is principally I (crotyl bromide). Elvidence is lacking to 
^ow whether peroxides cause direct formation of crotyl bromide by 
1,4-addition of hydn^n bromide to butadiene, or merely rearrange the 

1.2- addition product. All that can be said with assurance is that in 

n CUu66ii uid collaborators, J* prakt. Chem., 106, 74 (1922) ; GUlet. Bull. sob. cfctm. 
Belg., 31, 366 (1022) ; losold, Shoppee. and Thorpe, J. Chan. See., 1477 (1926) ; Burton, 
1661 (1628) : Fanner and Scott, Aid., 172 (1929). 

® Fh— Maiaolis, and Mayo, J. Org, Chan.. 1, 393 (1936). 

•* Mualcat and Northrup, J. Atn. Cham. Stic.. 68, 4043 (1930). 

^ Fumnerttr and ItMndel, Bar.. 66, 336 (1933). 

•* DWb and Alder, Ann.. 460, 98 (1928) ; 476, 139 (1980). 
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abwooe of poroxides lt4-fldditioiL does not occur %mih k^dr^gen 
bromide. A careful but unsuccessful search vas made for the third 
posfflble addition product, III. Two independent analytical methods 
huficate that not more than 6 per cent of this substance could have 
been present in the reaction products. 


CH| — CH==CH— CH3r {l-bromo-2-butene) I 

H H H H / 

+ Nbr~ ^CHjf=CH — CH-*CHi (3-broiiio-l-buteue) II 


CH^=CH — CHi — CHjBr (4-bromo>l-butene) III 

PonCUe reActiona of butadieoa aod hydrocon Ivomido 


Considerations of the 1,2- and 1,4-addition of hydrogen and of 
bromine to butadiene, based upon the quantum mechanics, indicate 
that it is much easier for addition to take place in the 1,4-positions.*' 
This condiusion rests upon the observation that calculated values of the 
activation energy for the 1,4-reactionB are appreciably smaller than 
those for the l,2-reaction8. The introduction of a substituent may alter 
the situation and make 1,2-reaction occur more readily. 

The degree of electromeric polarization of the 1,3-dienes must be 
very small or spontaneous polymerization would take place even in the 
absence of catalysts. Probably effective polarization occurs through 
the intervention of an active center of the reagent or catalyst. Unsym- 
metrical substitution will generally enhance the small permanent polari- 
zation and will exert a directive effect. In 2-methylbutadiene (isoprene) 
the —I effect of the alkyl group will favor the development of donor 
activity at the l-position, whereas in l-bromobutadiene the substituent 
will favor the development of donor activity at the remote position. 

CH, 

The occurrence of this orientation in isoprene is confirmed by the fact 
that conjugate addition of hydrogen bromide yields 2-methyl-4-bromo- 
butene-2, and that non-conjugate addition reactions yield 1,2- rather 
than 3,4-adducts. 

Robinson has suggested that the polsnnerization of l,3-diene8 under 
the influence ol a trace of sodium is a chain reaction initiated by the 
^ective polarization of <me molecule of the diene resulting from the 
entry of an ele(^n or electitm pair at the acceptor center; the polarized 
mofeoule a second molecule of the diene in the same fasMon, and 

** aad l &n( b» H , /. Chtm. PKy*., 1, 58$ (1033). 
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tiie proe^ continues until long chains or large rings are formed (p. 1932) 
Molecular oxygen and peroxides may play a similar role in the initiation 
of polymerization reactions. It is possible that a chain reaction of 
opposite type may ^ initiated by the intervention of an external 
acceptor, since the diene system is capable of functioning eithCT as a 
donor or an acceptor. 

Donor-+ CH 2 =CH— CH=CHs etc. 

Acceptor CH2 =CH-^!^Ch1cH* CH^CH-^^MIHs^tc. 

The aliphatic l,3-diene8 generally show a reactivity greater than that 
of the simple olefins toward the usual reagents, such as halogens and 
halogen acids, and they undergo a number of reactions that are not 
shown by compounds having an isolated double bond. The charac- 
teristic diene reactions include coupling with nitrobenzenediazonium 
chloride," facile linear polymerization under the influence of alkali 
metals, direct addition of alkali metals ** and of triphenylmethyl,“ 
and the Diels-Alder reaction with a,i6-unsaturated carbonyl com- 
poimds “ (p. 685). 

Thermochemical data show that the heat of formation of a conju- 
gated system is greater than the sxun of the heats of formation of the 
separate bonds. This departure from strict additivity corresponds to 
an increase in molecular stability and is interpreted as resonance energy 
(perturbation energy). Quantum-mechanical calculations** have led 
to values of resonance energies that can be brought into good agree- 
ment with those obtained from heats of combustion. The numerical 
values for several types of conjugated systems, expressed in kilocalories 
per mole, are tabulated below. Numbers in italics are calculated values; 
the remainder are empirical values from thermochemical data. 

TABLE XX 


Resonanck Energies or CkiNJVOATED Stbteus 
(Paulino and Sheiuaan) 



8 0 


S7 S 

Pyridine 

43.1 



16 7 


46 1 

Pyrrole 

22.6 


66 1 


94.3 

Thiophene 

31.1 

Fulvenes 

16.0 

NuphfctiJklftnft . . 

74.7 

Furan 

21.4 







" M«yer aod eolUboratorg, Ber., 47, 1764 (IBU); 61, 1472 (1910). 

•• Zwgler, Orth, and Weber, An*., 47», 292 (1930) ; 604, 131 (1933). 
**Coiumt and Sebeip, J. Am. Chem . Soe ,, 6S, 1B41 (1931). 

•« Paolbg and Sh artnan, J . Chtm . Phy»., 1 , 606, 679 (1933). 
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l%e marked effect of ooajogalion upon tbe casergedcs of uiuattuated 
flgreteme is demonstrated by a oomparison oi the heats of hydrogenation 
of ol^na, dimies, and benzene.*^ When two double bonds are separated 
by tiiiee sin^ boncte, as in l^S-hexadiene, there is practically no inter- 
action; the heat of hydrogenation is twice that of a simpk olefin of 
coire^mnding tsrpe. There appears to be a small labilizing effect in 
the 1,4-diene, and in the 1,2-diene a large labilizing effect. The 1,3- 
diene instead of exhibiting a labilizing effect of intermediate magnitude 
actually shows a definite stabilizing effect. Similar effects occur in 
cyclopentadiene and cyclohexadiene, and an enormous effect arises in 
benzene. Table XXI gives the heats of hydrogenation (AfiT, in kilo- 
calories per mole) for several olefins and polyenes, together with the mag- 
nitude of the effects of stabilization (-f AZ) or labilization (— AZ). 


TABLE XXI 

Heats of Htdboqenation of Oiefimb and Poltenes 


Olefina 

-AH 

Polyenes 

-AH 

aZ 


32.82 

1,2-Propadiene 

71.28 

-14.6* 

R — C!H==CHj (mean) 

30.20 

1,3-Butadiene 

57.07 

-f 3.3t 

CHr-CH==CH— CHj cm 

28.57 

1,4-Pent8diene 

80.79 

- 0.4t 

trans 

27.62 

1,5-HexBdiene 

60 52 

- O.lt 

(CH|),0«=CH» 

28.37 

Cyclopentadiene 

60.86 

+ 6.3t 

(CH3)*C==CH— CH, 

26.92 

Cyclohexadiene 

65.37 

+ l.8t 

Cydohexene 

28.59 

Benzene 

49.80 

+36. Ot 


* Referred to iaobutyleoe. 
t Referred to R — CH ^ CHf . 
t Referred to oydobeseoe. 


The calculated resonance energy of benzene (Table XX) is in good 
agreement with the stabilization effect observed by this method, but 
the calculated value for l,3-diene8 shows a wider deviation from the 
actual values. 

In benzene and rimilar systems of aromatic character the internal 
compensation has the effect of facilitating substitution rather than 
simple addition reactions. However, there is evidence to support the 
view that substitution reactions of a number of aromatic systems 
proceed by way of a preliminary addition process (p. 174). Halogen 
atoms, hy<i'Oxyl, and amino groups directly attached to an aromatic 
ring il^lrise to hetero-enoid systems in which the electromeric effect 

Spiitli, and Vau^saii, J. Am. Chtm. Soc., S7, 878 (1936) ; 86 
III 0 P ami Ktttiakowiiqr, Ckem. SO, 161 (1037). 
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(“•®) of flio substituent interacts with the polyenoid system (see hetero- 
enoid systems and vinylogous systems). It is possible that a part of 
the difficulty encountered in developii^ a satisfactoiy genial theory of 
aromatic substitution is due to the situation that the reactiomi can occur 
either by a direct or an indirect (addition) mechanism. 

Triple bonds are capable of takii^ an active part in conjugated 
B}rBtemB (p. 667). The combination of a double and triple bond, as in 
vinylacetylene, gives rise to a system that undergoes only conjugate 
addition with halogen acids.*® In this instance the orientation of the 
ad<Ution is determined by the triple bond. Divinylacetylene likewise 
adds chlorine or hydrogen chloride in the 1,4-poeitions; •• no evidence 
of 1,6-addition to divinylacetylene has been observed. 


CHe=CH— C=CH + HQ -♦ Cl— CHr-CH=C=CH, 

CH=CH, + HQ -» Cl— CHr-CH=C==CH— CH=CH» 
CH=CH, + ci, — a— cHt-ch=c=cci— ch==ch, 


R_C^C-CfeC-R4-H,-4R-CH=C=C=CH-R+R-CHr-CfeC-CHr-R 


R C . .'a''aj C R HjO 


— R) 


R— CO-C^O-CHr-B 


Studies of substituted 1,3-diynes by Grignard and Tcheoufaki ** demon- 
strate that systems containing two triple bonds undergo conjugate 
addition of bromine and hydrogen bromide. Similarly, catalytic hydro- 
genation over platinum, and partial hydration, lead to 1,4-adducts. 

a,p-nnsaturated Carbonyl Systems and Related Types.* The con^ 
jugation of an ethylenic linkage with an unsymmetrical multiple bond 
of oxygen or nitrogen gives rise to structures of the tyj® C==C — C=A 
and 0=0 — B=A. In the single links of oxygen and nitrogen (hetero- 
enoid systems) the hetero atom exerts a dynamic electron-release, but 
in their multiple bonds the direction of the electromeric effect is reversed. 


ir-v ir-N 

OO— OR 


C=C— 0=0 


C=C— NRj 0 =C— C^N 

** CofDthmtfi B®rchet, wid CoUins, J. Am, Ch^m. Soc.^ 54, 4086 (1W2)* 

** Ooffmaa and Carotibers, Und,, 55, 2040, 2048 (1033). 

Qrignud and T^eoufald, Compt 188, 627, 1531 (1929). 

• These were dassified by RoUnscm originally as “croUmoid" and later as **katio-esudd” 

sy stems. 
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Tbe esseatial feature of tbe a,^-an8atarated caHbonyl types (p. 672) 
is the ability of tbe system to transfer the seat of acceptor activity to 
the /S-carbon of the ethylenic bond. Consequently, the /S-carbon is 
attacked by the donor center of various reagents, such as ammonia, 
amines, alcohols, organomagnesium halides, and alkali cyanides, which 
are without action on mmple olefins. 

The addition of amines, alcohols, and alkali cyanides to a,iS-unsatu- 
rated carbonyl systems may be regarded as a direct combination of the 
donor center of the addendum at the |3-carbon, but in the addition of 
Grignard reagents and halogen acids it is likely that the reaction is 
initiated by coordination of the hetero atom with an acceptor center of 
Ihe addendum. The tendency to permanent polarization in the a,fi- 
unsaturated carbonyl systems is necessarily small, owing to the fact 

H -* Hjif— G— (Q=C-^1 -► HiN-C— CH— C==0 

fi a a a 

o=5^-c=^ + Ha — [c=^5-c=Q)h]'^ci -► a— c— c===c-oH 

0 a 0 a 

that integral polarization produces an unstable electronic configuration 
(opennsextet) in the /3-position. 

Although «,/3-unsaturated carbonyl systems show a marked tendency 
to undergo conjugate addition, there are many instances in which one 
of the multiple bonds functions independently. The relative amounts 
of 1,2- and 1,4-adducts are influenced by substituents in the conjugated 
system (internal factors) and also by tbe nature of the addendum and 
the environment (external factors). Kohler has pointed out that 
nearly all reactions involving 1,2-addition to carbonyl are reversible, 
whereas the products formed by 1,4-addition (except with organometallic 
compounds) undergo rearrangement into saturated carbonyl compounds 
that are still capable of undergoing 1,2-addition. Under these conditions 
the products ultimately isolated do not represent the relative rates of 
1,2- {md l,4^dition but merely the relative stability of tbe substances 
or the poeitktn of equilibrium in the particular environment. 

nie addition of Grignard reagents to a,/3-unsaturated systems 
affords a comparison of the relative rates of 1,2- and 1,4-addition, as the 
reactions are not reversible and both adducts are stable. The reactions 
have been studied extensively by Kohler and his collaborators and a 
few at their data are shown in Table XXII. The results indicate that 
1,4-addition increases as the reactivity of tbe carbonyl system toward 
R — IMEgX doninisbes. Thus, in tbe series shown below the reao- 
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TABLE XXII 

Addition of CtHsMgBr to a,^-TjNSATniATED Cabbontl Ststems 


Per Cent 
1,4-Addnct 


CHj=CH — CO — H 0 

CHr-€H==CH— CO— CH, 40 

CftHs — CH=CH — CO — CHs 12 

CeHsCH=CH— CO-CiHb 40 

C,H,CH=CH— CO-OCjHs 50 

C»HtCH=CH— CO-NRs 90 


Per Cent 
1,4-Adduct 


CHf=5 =CH — CO — CqHa 100 

CH^H=CH— CO— C,H6.. .. 100 
CoHs— CH=CH— CO— CeHs .... 94 

(C,H5)2C=CH-C0— C«H6 0 

(CH,)2C=CH— CO-CHs 0 

CeHfi — C^C — CO — C^Hg 0 


systems to undergo 1,4-addition diminishes in the opposite direction, 
from R— CH==CH— CO— N(C2H5)2 to R— CH=CH— CO— H. 

— CO— H — CO— CHi — CO— C,Hj —CO— Cl — CO— OCjHs — CO— N(C,H,)j 

The effect of a hydrocarbon group attached in the /S-position is relar 
tively slight, but the presence of two hydrocarbon groups on the /3-carbon 
impedes 1,4-addition. It is of interest to note that an acetylenic system 
such as CeHs — C^C — CO — CeHs does not undergo conjugate addition 
of Grignard reagents. 

Robinson has pointed out that the enhanced acceptor activity of 
the terminal carbon atom in “katio-enoid” structures facilitates the 
exchange of anions in these systems; the increased activity of aryl 
halides containing a nitro or carbonyl group in the ortho- or paro-posi- 
tions and the hydrolysis of p-nitrosodimethylaniline are explained by 
the following mechanisms; 






:0-^^N=04- HN(CH,), 

It is evident that the same groups in the mcta-position will not function 
in a similar manner owing to the inability of the system to transfer an 
electronic deficit to the iiieto-position. 

The presence of hydroxyl or amino substituents in the /J-poation <rf 
an a,/S-uii8aturated carbonyl group gives rise to an internal oompensar 
tion reaulting from the effect of dynamic electron-release within the 
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ketero-^oid system. The dynamic isomerism of unsymmetrical en^, 
reduced carbraiyl activity of 2 >-methoxybenzaIdehyde and p-dimethyl- 
msiAoaiyl ketones, and the relative inactivity of the correspond^ 
nitriles tomird RMgX are typical examples. 


B 


»+ t- 

H-O-C-CH-C-0 

1 k 


OO-CH-C-OH 

i k 




The order of effectiveness of various p-substituents in bringing about 
internal neutralization is the same as that given under hetero-enoid 
systems (p. 1909). It must be recognized that these dynamic effects act 
laiigely to reduce the rate of carbonyl reactivity and in this way may 
favor an alternate course of reaction, such as replacement of the ;S-sub- 
stituent {cf. preceding paragraph). 

Quinonoid Systems. Two carbonyl groups, or similar types, united 
directly or by means of an intervening ethylenic system, give rise to 
ortho- and poro-quinonoid structures. Owing to the tendency of the 
two groups to promote electromeric changes in opposed directions, these 
systems are highly reactive and the units frequently function independ- 
ently in their reactions. 

l«2-Qa!iionoi<i typos 

o==c — c==o 

1 1 

E R 

CdHt— CO— CO— CiH, 

CgHd — CO — CO — OR 
RO— CO— CO— OR 


t,4-Quioonoul typai 

0=C-^Sc^H— C=0 

R R 

CeHr-CO— CH===CH--CO— C,Ht 
C.H,— CO— CH=-CH— CO— OR 
RO— CO— CH=CH— CO— OR 


In addition to the true ortho- and paro-benzoquinones, this group 
includes simple 1 , 2 -dicarbonyl compounds (glyoxal, biacetyl, benzil, 
ethyl oxalate, a^o-ketonio acids) as well as 1 , 2 -dicarbonyl derivatives 
of ethylene (d£|^iz(^lethylene, benzoylacrylic acid, maleic acid, and 
eitraoonic 

‘^e stn^^ activating influence of the — CX) — CO 3 R group on an 
Ippyleiffi group, and the dtracomo-itaconio acid rearrange- 
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syBtetn to revert to one in which the tension of the opposed eleetromerie 
effects has been relieved. 

CHj — C — COsR CHf=C — COsR 

11 > 1 

0 OH 

CHr-C— CO,H CH*=C— CO 2 H 

II 1 

H— C— COtH CHj—COsH 

The enhanced reactivity of quinonoid systems is illustrated by the facile 
addition of acids to p-benzoquinone, addition of l,3-diene8 to quinones 
and to maleic anhydride (Diels- Alder reaction), and the conversion of 
aryl 1,2-dikctonea into benzilic adds by means of alkalies. 

The addition of acids is probably initiated by fixation of a proton 
at the carbonyl group, resulting in the development of an active acceptor 
center in the /3-position. Combination of a donor reagent at this point 
is followed by isomerization to a substituted hydroquinone. However, 
the Diels-Alder reaction, benzilic acid rearrangement, and condensation 
reactions occurring in alkaline media may be regarded as a direct attack 
by an active donor center of the reagent. 


+ 



Robinson has given an interesting example of the effect of neutralized 
systems on the 1,2-diketone group. Glyoxal is a colored substance 



Colailen wd Ian reactive 
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(yc&w 8(^d, vapor) and is ii^^y reactive as a carbonjd com- 
pound, whereas etiisd oxalate is colorless and far less reactive. Hie 
same relationship holds true for benzil and p,p'-diethoxybenzil; the 
former is colored and reactive, the latter is oobrless and much less 
reactive. This analogy affords a striking illustration of the prmdple 
of vinylogy (pp. 633, 1909). 

Pexoxidk Systems. The direct union of amino and hydroxyl groups 
with each other, or with halogen atoms, gives rise to discordant systems 
of type opposite to the quinones. The former develop an active donor 
center and the latter an acceptor center. In the simple peroxidic systems 
such as hydrogen peroxide, hydroxylanune, and h 3 Tx>ch]orou 8 acid, 
a,j8-proton migration may give rise to a tautomeric relationship (see 
dyad systems, p. 1936). 


H»N— NHj 
HjN— NH 


H,N— OH 
H,N— 6: 


HO— OH 
H,o— O: 


Cl— OH 

H— Cl— 6: 

• • 


A similar dynamic isomerism is possible in the partially substituted 
derivatives such as mono-, di-, and trisubstituted hydrazines, N-sub- 
stituted hydroxylamines, and peracids. This group of compounds is 
characterized by an ability to act either as oxidizing or reducing agents, 
according to the natiue of the environment; many of them undergo 
disproportionation reactions involving mutual oxidation and reduction. 


2C«Ht— NH— NH— C.Hs C.H5— N=N— CeHs + 2C,H6NH2 

2C,Hs— COi— OH -♦ 0=0 + 2C«H6COsH 

The disproportionation of hydrogen peroxide into water and molecular 
oxygen is paralleled in the organic derivatives by the corresponding 
reaction of perbenzoic acid and by the conversion of hydrazobenzene 
into azobenzene and aniline.** The facile conversion of /?-phenylhy- 
droxylamiDe into p-amiuophenol and of hydrazobenzene into benzidine, 
under the influence of strong acids, affords a further illustration of the 
ability of these systems. The fact that rearrangement of peroxidic 
is brought about by adds, and quinonoid systems by alkalies, 
consequence of their respective donor and acceptor activity, 
pical additive processes such as the formation of oximes and 
az(me% and oxidation by peracids, are probably initiated by attack 

Wieiaad, Ber., 4S, 1008 (1918) ; ne, also, Keoner and Knight, Ber., SO, 841 (1030). 
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of an. external acceptor center by an unshared electron pair of ttie peiv 
oxidic ^stem. 


0 


OH 


,R— CH— NHj—OH 


. 

R — CH™0 


Oxiind forxn&taon 


o 


R— CH— NH— OH 
R— CH==N— OH + H*0 

OH 


“R— CH— OH— OCO— R R— CH— O— OCO— R 

Oxidatioa by peradd *»>. — ■ — 


RjC — H + HO — Cl — > RjC — H< — 0^ 4+ 

V JCl 

Chlorination 


-» 2R— COsH 
— ^ H 4 O “b Cl — CRg 


The view that addition of hypohalous acids and alkyl hypochlorites 
to olefins proceeds by a similar mechanism (a) is not generally accepted. 
Recent kinetic studies of addition reactions of stilbene ** indicate a step- 
wise process (6) in which an active intermediate is produced by com- 
bination of a donor center of the olefin with an acceptor of the addendum 
("positive bromine”). The composition of the adduct is determined 
by competitive reactions of the labile intermediate with an active donor 
center of the environment (CH 3 — OH or Br~). 


R— CH=CH— R 


R — CH=CH — R 

7 R— CH CH— R 

H, Br 

R— CH CHBr— R 



— 


(o) 


CHsOH 

“[R— CH— CHBr— RJ+ > 

(» \Br- 


icH. 


+H+ 


R— CHBr— CHBr— R 


It is difficult to reconcile this formulation (6) with the observation 
that stilbene and isostilbene yield different stereoisomeric adducts, sinoe 
true carbonium cations are considered to be configuratively unstable ” 
and would lead to identical stereoisomers from the cw- and frona-stilbene. 
The formulation of a carbanion intermediate appears to afford a more 
satisfactory explanation of the relevant experimental evidence.* On 

•• B»rtlott and Tarbell, /. Atn. Chtm. Soe., 88. 486 (1036) ; 59, 407 (1937). 

WflJlis AdaniSf 5Si 3838 (1933). 

•• ibid,, B7, 2727 (1936). 
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the other heed, it is ihfficalt to account toe the formatlm of chioro* and 
bromo^lsctones by the addition ol chlorine and bromine to aqueous 
stations of salts of dimethylmaldc and dimethylfumario add ** witoout 
recourse to the hypothesis that the positive fragment of the halogen 
molecule is added as the first step. Further work in this field will be 
of ocNosiderable interest. There is, of course, no reason to expect that 
the intimate mechanism of olefinic addition must be the smne for all 
d^ns, or for all addenda. 



The mechanism of oxidation and reduction by peroxidic structures 
affords an interesting and difficult problem. Owing to the tautomeric 
charact^ of the typical systems and their interaction with acids, bases, 
and hydroxylic solvents, a number of reactive species may be involved. 


H— O— 0— H 

if 

H— O— O 
H 


i:; 


O— 0 — H 1 


J 


fH— 0-0— H7 + 
L H H 


J 


[H— O— O:]- [:0-O:]- 


The importance of hydroxylic solvents is indicated by Wieland's observa- 
tion that peracetic add does not attack dry acetaldehyde but does attack 
it in the presence of water; however, this difference is not observed with 
benzaldehyde. Wieland •• considers that hydrogen peroxide acts as a 
hydrogenating (reducing) agent owing to its ability to decompose into 
molecular oxygen and monatomic hydre^n, and acts as a dehydro- 
genating (oxidiziiig) agent through combination with monatomic hydro- 
gen to form water. 

An extension of Wieland’s view by Bancroft and Murphy ™ involves 
the postulaticm of a leverdble dissodation and the production of an 
activatod form of oxygen. When hydrogen peroxide acts as an oxidizing 
agmt, the active oxygen is assumed to react both with the substance 

H — 0 — 0 — H 2H* -J- *0 — O* 

& — 0— O— H -I- 2H* — > 2HiO 
B 2H- -1- .0-0. + HI -*> HiO -H HO— I 

to le mddized and with the monatomic hydrogen. They have found 
thgf the true electmnotive force hydn^en peroxide in approrimately 
add solutlmis is about 1.16 sb 0.3 volt, and in molar 

> " WlcUlid, 23S1 (1021). 

H* Bancnrft «ad Miiq>by. /. Chem., M, 877 (1085). 

> 
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potasfflum hydroxide solutiona about = + 0.30 =b 0.03 v<dt. The 
data indicate that oxidizmg and reducing agents having a larger Eh 
value than hydrogen peroxide (under the given conditions) are reduced 
by it, and those having a smaller Eh value are oxidized. 

Baikow beheves that a substance cannot have the same formula 
as a redudi^ agent and an oxidizmg agent; he attributes redudng action 
to the normal form HO OH, and oxidizing action to the oxonium struc- 
ture H 20 -~ 0 . It is pointed out that reductions by hydrogen peroxide 
are rapid reactions whereas oxidations are slow ; these facts are explained 
on the a ssump tion that the oxonium tautomer is present in Bmall concen- 
trations and is formed from the normal structure by a slow reaction. 
This hypothesia does not take into account the circumstance that rathra 
tautomer gives rise to the same cation or anion. Nevertheless there 
is evidence that tautomeric phenomena are involved in the reactions of 
peroxidic systems, since disubstituted organic peroxides such as diben- 
zoyl peroxide and diethyl peroxide are much less active than perbenzoic 
acid and ethyl hydroperoxide. 

The tautomeric fonns of hydrogen peroxide and the monovalent ions 
possess a donor and an acceptor center, and can enter into reaction by 
coordination processes. The mode of reaction and observed catalytic 
effects may be associated with a specific orientation of the coordination 
mechanism, but the prevalent view is that oxidation-reduction reactions 
in aqueous solutions involve free radicals and proceed by means of a 
chain. The mechanism for aldehyde oxidation proposed by Haber 
and Willstfttter,^” and subsequently modified by others, envisages the 
following steps; (o) formation of an active free radical, by the inter- 
vention of an atom or molecule containing an unshared electron, or by 
separation of an electron pair; (b) reaction of the free radical with oxygen 
to form a peroxidic radical; (c) interaction of the latter with the sub- 
strate to form the oxidation product and regenerate the original free 
radical* The chain is broken when two similar radicals react, or when 
two unlike radicals react to form the addition product. An mhibitor 

(a) CHr-CH=0 + Fe+++ -* CHr-C=0 + H + + Fe++ 

(b) CHr-C-O -i- O, - CHr-CO— 0— O- 

(c) CHr-CO-0-0- + CHr-CH=0 - CHr-CO-O-OH + CHr-6=0 
(<j) CH, — CO—0 — 0-4-HO— C,H,— OH-» CH^-CO — O— OH+HO — CtHt— O’ 
(«) HO— C,Hj— O’ + H+ + Fe++ -♦ HO— CeH,— OH + Fe+++ 

m Xlaikow. Z. anorg. aUg$m, Chtn,, 297 (1928) 189, 36 (1930). 

»*H»ber And 2844 (1031). ^ ^ ^ 

• For detaitod mechaiuBin* tor oh*in reactions of this type and modifieationa of tan 
Hnber-Waiatltter meohaniam, aee Wieland and Richter, dnn., «89, 226 (1931) ; tt6, 284 
(1932) ; and Rice and Rice, “The Aliphatic Free Rndioah),” Johns Hopldna Fren, Baltimore 
(1088), pp. ITtl-lOl- 
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an bydroquinone may interropt ibe chain tiutnlgb diver^on of the 
p^nxicidie free radical in a reaction (d) which does not r^enerate the 
free radical of the aldehyde, or by direct diversion of the origiiial free 
radical. The inhibitor may be regenerated by interaction with the 
accessory products of the initial activation (c). 

It ^ significant that aromatic systems, containing hydroxyl and 
amino substituents in an crQut or para relationship, are among the most 
pow&fal auto-oxidation inhibitors.’*’ These compounds may be 
regarded as vinylogs of the psffent inorganic structures, HO-^H, 
NHa — OH and NHj — NHa. In the organic types the discordant sys- 
tems can be relieved by tautomeiism of a sort that is different from 
that of the parent structures. 



HN=-C— OH— OH 


R R 

**lBiino-«leohor* formi 


HtN- 


■-C=0~;-OH 


R R 

'‘EnoUmiae” forms 


H,N— CH— 0=0 

I 1 

R R 

“Ketoamine" forms 


The “enediol” and “enolamine” forms of «-hydroxy and a-amino 
carbonyl structures may be regarded as vinylogs of the peroxidic sys- 
tfflns HO — OH and NHj — OH, and this analogy makes possible an 
interesting correlation of their behavior in biological reactions. Thus, 
the relation between an a-amino acid and the corresponding o-keto acid 
is an^ogmis to that of an aminophenol and the corresponding quinone; 
the o-hydroxy and o-keto acids become analogous to hydroquinone and 
quinone, which in turn correspond to HO — OH and 0=0. 


rSEE RADICALS 

A free radical is a molecular spedes, usually electrically neutral, in 
which is present an atom bearing a single unshared electron. Such 
sbiieturee contain an uneven number of valence electrons and have 
been designated Lewis ’ as ‘‘odd molecules.” Free radicals are there- 
fore an exception to the most fundamental prindple of chemical combi- 
na&m (“rule of two”), and they exemplify the highest degree of molec- 
ah^misaturation (p. ^2). 

Free radicals resemble free aUxns, such as monatomic hydrogen and 
<ff ftfirali metals. Although the notion of organic radicals goes 

m Uamta ttnd^fOndm, Chem. Bn., S. 113 (1927); MUm, ibid., M. 206 (1032). 
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bade as far as Lavoider, the first expmmental evidence of their real 
edstenoe was given by Gombeig’s discovery of triphenylmethyl in 
1900. The parent substance hexaphenylethane is capable of reversible 
dissociation either into neutral free radicals or into ions, and in this 
respect bears a strong formal resemblance to molecular iodine. 


(CeH*),C CfCsHsla 

X 


7 


2(C6H5),C- 


B34iteab 

I 


Iona 

II 111 



Atoms IoQ0 


Subsequently, a large number of free radicals of the triarylmethyl type 
have been prepared and also free radicals containing unsaturated atoms 
of nitrogen, arsenic, oxygen, sulfur, tin, and lead (pp. 618-619). 

A satisfactory interpretation of the mass of experimental observations 
on free radicals of the triarylmethyl type requires a recognition of the 
existence of three definite species; electrically neutral triarylmethyl 
radicals (I) and triaiylmethyl cations (11) and anions (HI), free 
radical is formed alone in non-ionizing solvents, and the ions in ionizing 
solvents. Triaiylmethyl cations are present alone (probably in a sol- 
vated state) in solutions of triarylmethyl halidra in liquid si^ur dioxide; 
the corresponding anions exist alone in solutions of alkali metal salts 
in liquid ammonia. 

R.C-C1 K- + -CR, 5^ Kn:CIl.l- 


The triphenylmethyl anion is dark red and is the most highly colo^ 
of the three species; the free radical is yellow, and the cation is either 
colorless or yellow. Experiments of Wallis and Adams " indicate that 
an unsymmetrically substituted triaiylmethyl anion can exist m an 
optically active state, but that the corresponding cation undergoes 

racemization rapidly (p- 398). 

The ability of aiyl groups to increase the capacity of 
atom to absorb an electronic deficit or excess (p. 1896) accounts for tbe 
effect of aryl groups in stabilizing the ions of opposite agn formed by 
ronic dissociation. The power of aryl groups to stab^ the 
radical containing a single unshared elytron js due to t^ ^ame to 
mental property-thaif ability to distnbute sm^et to a large mmor 
ber of in the ^tem (resonance). -Dus view toe 

fact that polynuclear aromatic systems are more effective than phenyl 

“‘Oombwa. J. Am. Ch»m- Soc.. *». 757 (1900); 85. U44 (19W); Ck*m. t, 01 
(1034); 8, 301 (1025). 
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^ ^.a Wfirin g &e ndlctl, and the theca«tieal aequenoe — oHiapkth^d > 
^staptfayl > p-asoyl > — is in agreem^at with the known 

facts. The presence of sub^tuents having a oonmderable +■! effect 
atid a --T dEfect (alkoi^l, halogens) should also increase the extent of 
dissodation, and this is found to be toia 

ingold holds the view that "the triphenyhuethyl anion is obviously 
nmdi less stable than the kation." As an illustration of the stability of 
the cation is died the observation that triphenylmethyl chloride is 
sduble in liquid ammonia with only slight, and reversible, oonverdon 
into the corresponding amine (ammonolysis) : 

[RiC]+Cl- + 2NH, R»G— NHi+ [NH4]+C1- 

Ingold’s view appears to ignore the circumstance that triuylmethyl 
cations are actually formed only in donor solvents (NHg, 8O2) capable 
oi stabilizing the cation by solvation, whereas the triphenylmethyl 
anioa exists as such in solvents and in the solid alkali metal salts. 

[RiC)"*" + SO* [RiC — SOt]"*" or [R|C — 0 — S**©]"*" 

[R,C]++ :NHt ^ [R,C— NH,]+ 

Evidence that hydrocarbon anions are actually more stable than the 
oonesponding cation is afforded by the fact that in many cases a cation 
undergoes internal stabilization by intramolecular rearrangement 
whereas the corresponding anion does not. The relatively greater 
configurational stability of the triaryl anions, already dted, may be 
considered to throw further doubt upon the view expressed by Ingold. 

Even relatively stable free radicals, such as the triaiylmethyls, are 
extiemely reactive substances. They react readffy with alkali metals, 
mdecular oxygen, iodine, nitric oxide, and other free radicals; with 
ethen^ esters, ketones, nitriles, and hydrocarbons they form additive 
compounds involving one molecule of substrate and two of the free 
zadkaL Studies of the velocity of dissodation of hexaphenylethane 
by the addition of a reagent (halogens, nitric oxide) that reacts instantly 
with the free mdical chow that the reaction is strictly unimolecular and 
& almost independent of the solvent.* The period of half-change of 
hexai^nylethane was found to be 3.3 minutM. 

The behavior of hexaphenylethane toward oxygen ** was found to 
!nit|(1ve the formation of a labile pm>xide which gives rise to chain 
reactions. 

^ Instdd, .Aim. Sepu. Chem. Soc, qAnAm). IB, lU (1038) 
rad Bomd, /. Am. Ch*m, Bee., «T. 37» (lOSS). 
rad Bwald, Ann.. BOB, 182 (1033). 
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R>C— CR, 2R,C* 

R,C- + -O— 0- RiC— 0— 0* 

RsC — O — 0* RjC — CR* — ► RsC — O — O' — CR* -I- RjC* 


In the preBcnoe of an excess of pyrogallol the reaction follows a strictly 
unimolecular course, and exactly two molecules of oxygen are consumed 
per molecule of the ethane. The inhibitor functions by its ability to 
effect an instantaneous fixation of the labile peroxide, converting it to 
RaO-O-OH. 

Free alkyl radicals were first prepared and studied by Paneth"* 
in 1929. Free methyl and ethyl rascals were obtained by thermal 
decomposition of the lead alkyls in a stream of pure hydro^n at low 
pressures (1-2 mm.). The free alkyls were found to effect direct alkyla- 
tion of such inactive elements as lead, antimony, zinc, cadmium, bis- 
muth, and tellurium. Further work by Rice and his collaborators 
has shown that free alkyl radicals react readily with alkali metals, 
calcium, mercury, lanthanum, thallium, arsenic, and selenium; no alkyl- 
ation was observed with magnesium, copper, silver, gold, and cerium. 
The products formed by reaction with arsenic, antimony, and bismuth 
consist of trialkyls, dialkyls of the cacodyl type, and polymeric mono- 
alkyls (except with bismuth). With tellurium only dimethylditelluride, 
CHs—Te— Te— CHs, is formed and no dimethyltelluride, (CH3)2Te. 

The half-life period of the methyl and ethyl radicals is only about 
0.006 second, which is even shorter than that of atomic hydrogen i^er 
aimilar conditions (ca. 0.1 second). Experimental studies of the higher 
alkyl radicals * indicates that these decompose readily into methyl or 
ethyl radicals and olefins. It is estimated that about 75 per cent of the 
free n-butyl radicals formed by the primary thermal decomposition of 
di-n-butylmercuiy break up into ethylene molecules and ethyl radi- 

A consideration of the reactions of free alkyl radicals with organic 
molecules (in the gaseous state), based upon the assumption of ^ 
radicals in thermal and photochemical decompoation, mdicatea ^ 
they attack the carbon-hydrogen link and not the carbon-car^n 1^. 
The thermal or photochemical decomposition of acetaldehyde is mter^ 


“• Pweth Md Hofedit*. Bet., «I. 1336 (1929) ; Paneth and Lautsoh, Ber., 64, 2702 
and IU«, -The AUphatic F«e John* Hopkins Press. Baltfanoi. 


(1936). 

*>• PiuieUi TVnns. FaradaV Soe., 20, 179 (1934). , . > ^ 

lor tbe eaistenoe of the o-propyl radical has 
and J. Ckm. Soc.. 263 (1936) ; its half-life ^ 

teeond, which is only one-third that of the methyi or ethyl radwel. 
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preted {xam a free radical standpoint by the following chain 
mechanisCTi (I): 

I CH,* + CH,— CH=-0 CH* + CHr-C-sO 

CHj — C“«m) — * C^O + CHj* 

A methyl radical, produced by thermal or photochemical excitation, 
attacks the C — H link of the aldehyde molecule producing methane and 
a labile aldehyde radical. The latter decomposes rapidly with loss of 
carbon monoxide and r^nerates a methyl radical, which continues the 
cycle. It is found experimentally that the products are entirely methane 
and carbon monoxide. The pyrolysis of acetone to yield ketene and 
methane (II) is explained by a similar mechanism.*®" But the photo- 

n CH,- + CH,— CO— CH, CH* + -CHsr-CO— CH, 

•CH,— CO— CH, -* CH,=C==0 + CH,- 


chemical decomposition of acetone yields ethane and carbon monoxide, 
and it is difficult to account for this difference if both reactions are 
assumed to occur by way of free methyl radicals. 

The possibility of free radicals being formed as intermediate products 
in the course of chemical reactions in the liquid state or in solutions is 
only occasionally supported by the experimental evidence. In general, 
ionic or pseudo ionic mechanisms (p. 1865) are the more common modes 
of reaction, and free radicals arise only under rather special conditions. 
There is convincmg evidence that thermal and photochemical decompo- 
ations occur by way of radical chains. Other reactions in which free 
radicals may arise are those involving alkali metal atoms (metal ketyls, 
Wurts-Fittig reaction), monatomic hydrogen, molecular iodine, molecu- 
lar oxygen, hydrogen peroxide (and other peroxidic systems), quinones, 
nitaic oxide (and odd molecules in general), atoms and ions of the transi- 
tion elements, and electrolysis. 

The addition of metallic sodium or lithium to arylated olefins (p. 606) 
and dienes may be dted as an illustration of a reaction involving free 
radiesls- Sddenk and Bergmann found that an atom of sodium 
initially adds a single electron to the carbon directly attached to the 
aromatic rii^ giving a product analogous to the metal ketyls. The 


N^- + (C,H,)rfV=CH, -» Na+l(C,H,),C-CH,l- 5=^ [(C.H,),C-CHd- 


Nai{Cai.),C— CHr-CH,-C(C.H,)]N*+ 


Na- + (C,H0,O-C(CJH,), - N»n(C^»)tO-C(C,H,).]- 

^ Na,+n(Cjad,C>-C(CJB[O.I- 

»u« 


Btsamaao, Amu, 4M, 1 (193S). 
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sub 69 queot coarse of the reaction is determined by the etabihiy of tbe 
initial product. In the case of 1,1'diphenylethylene, two the units 
combine to give the disodium derivative of 1,1,4,4-tetraphenyllmtane. 
With tetraphenyletbylene, dimerization does not occur but reaction 
with a second atom of sodium gives the disodium derivative of tetra- 
phenylethane. Conant and Scherp* have found that isoprene and 

2.3- dimethylbutadiene add two molecules of triphenylmethyl in the 

1.4- po8itions, and this reaction can be formulated in a siinilar manner; 
there is also the possibility that it occurs by an ionic mechanism. 


CHj CH, 

1 I 

2(G6Hi}tC* + CHj — C C=CHs 

CH, CH, 

-♦ (CtH6),C^-CHi— C=====C— CHsr-C(C(Hs)8 

[R,C:]-Na+ + CHi=^CH^H=^H* 

[RaC— CHj— CH=CH— CH2:]-Na+ + H— NEts 
RaC— CHj— CH=CH~CH5+ Na+[:NEt*]-- 


Ziegler and his collaborators have found that alkali metal alkyls are 
active polymerizing agents for 1,3-dienes. By arresting the polymeriza- 
tion with diethylamine, phenyliaopropylpotassium and butadiene gave 
l-(phenylisopropyl)-butene. The mechanism of this polymerization » 
not clear, but if the active reagent is the alkyl ion, the process would 
follow an ionic mechanism. This view finds some support in the observa- 
tion that the effectiveness of the alkali alkyls decreases in the order- 
benzyl > phenylisopropyl > triphenylmethyl— which is the reverse of 
the anionic stabilities and therefore parallels their donor actavity. 

The observation that molecular oxygen arrests the photocatalyzed 
addition of bromine to cinnamic acid suggests that a radical chain 
occurs in the reaction. 


Br, -» 2Br* X=y -b Br- - X-Y-Br- 

X_y Br> + Brj — ♦ Br — X — Y Br -h Br* 

.0-0* -i- X-Y-Br* - X=Y -J- -O-O-Br 
.0— o— Br -I- Br* -» Br, + *0—0* 


Molecular oxygen may arrest the chain reaction by conver^n of the 
hbiktl^S repeal (formulat^i as X-Y-Br*) into the ongmal 

Zi^d« »Bd orfUboratora, Ann., 

«* ud Bauer. J. Am. Chem. Soc.. # 8 . 2014 C193«. 
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liMi 1 Bfeatileir ikctm^axygm radical; latter deea not MU&ek 
^Ai6Sn bat caB leaet tdtli a brcanine atom to ref^nerate UMlCeUlar 
■oiSWKtt and bmoine. 7be addition ol halogens and halt^en adds to 
eSaitaB in tite da^ and in the {aeaenoe of polar isttalysts or solvents 
a^>earB oodoubtedly to involve an ionic mechanism (p. 1834), and in 
theee oasM molecular oxygen has littte or no effect. 

In some instances it appears that the olefin itself reacts with molecu- 
lar oxygen to form a labile peroxide and that the latter may altw the 
mechanism of addition so as to bring about a reversal of the orientation 
of addition (p. 638). Studies by Kharasch and his collaborators indi- 
cate that the addition of hydrogen bromide to highly purified olefins 
in the absence of molecular oxygen or peroxides (or in the presence of 
anti-oxygens) occurs in the direction anticipated from theoretical con- 
siderationa. This reactbn, designated as the normal addition, follows 
a polar mechanism and usually occurs much leas rapidly than the 


CH#=CHR + HBr 


, CH,— CHBr— R 

Normal reaction (polar) 

CH»Br— CHir-R 

FeFDxideH>»tely»ed reaction 


pcrmdde-catalyzed reaction. It is possible that the peroxide-catalyaed 
additkm occurs through an interme^te radical, but the detailed mech- 
anism is uncertain. The orientation of addition of hydrogen iodide to 
is not reversed in the presence of peroxides, but this result may 
be due to the destruction by hydrogen iodide of the original peroxide 
or of a lalale intermediate. 

TAUTOMERISH 


Tautomeric struetures were classified by Laar in 1885 as dyad, 
triad, tetrad, and pentad systems, depending upon the number of atoms 
intervening between the initial and filial positions of the mobile hydrogen 
atom. This classification serves as a convenient basis for consideration 
of their electronic characteristics. The ionic mechanism of tautomeric 
change (ionotropy) is now clearly established, and the two different 
types of exchange are distinguished by the terms prototropy and aniono- 
tropy. The salient features of prototropic change, without reference to 
the actual mechanism, are the following; (a) separation of a proton, 
redistribution of the disengaged electron-pair by electromeric dis- 
Uv, tSv 64S (1888). 

^ BiJr*', Boutledga and Sons, London (1934) ; me, also, Wetera, 

"Fby^eal AejMctej^ Oicaide Ghenoiabr.” Routladre and Sona, London (1938) ; Watson. 
"Julodani Thaaiia«i^ Oraanio CSiamietrrt'’ Oifwd Vuivandtsr Pram (1987) ; Bnuidt and 
iCUvfii, “Tba Tbgmy of Cbaaaie CStasnistay/’ Frantiae-Bali, New Yotk (1941). 
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planmM rtg in the resultiag anion, (c) ii^mbination of a inoton at the 
oew anionks oenter. Anionotropic change has the convene ionic rela- 
tiooship, invoking separation of an anbn and redwtribution of the 
resulting electronic deficit (open eeKtet). 

As a matter of convenience tautomeiic change is formtilated fre- 
quently as an intramolecular migration, but phsmical evidence indicates 
thpi the process involves an actual separation of the ions concerned. 
Prototropio change does not take place in the vapor or in the sofid state; 
it ie catalyzed by proton-donors and proton-acceptors (acids and bases), 
and is facilitated by an amphoteric solvent such as water. BrSnsted 
and Guggenheim have formulated the isomeric change in the presence 
of an amphoteric solvent by the general equation: 

B: + H— S 4- ha [BH]+ + S-H + [:A]- 


The symbols H — 8 and S — are used to indicate the two forms of a 
prototropic compound; B and HA represent a basic catalyst and its 
conjugate acid- It will be observed that either isomer should give n» 
to an identical anion; an essential feature of the tautomeric relationship 
is a condition of equilibrium between two or more resonatmg structures 

(unperturbed states) of the anion. 

The condition of resonance may be indicated by writing the structure 
of one of the final (unperturbed) states and attaching the usual curv^ 
arrow symbols showing how the electronic confi^bon sho^d be 
modified to represent the actual electronic distribution m the system. 
The keto-enol systems provide typical iHustrations. ^ The conversion 
of one form of the anion into the other does not require the leairange- 


« s ■> 
HiG — C=0 

Keto fonn 


r 


[hC==C^-0 

M«0osi€rio {uiiosf 


T « a r 
HC==C— OH 

Enol fona 

lieto lonn 

ment of any atomic nuclei, and the anion may react chem^y as if rt 
possessed either structure. As the terminal atoms are not identol, 
d^^tion of the anionic charge between a and t , 

be determined by their relative electron-atoction 
cbaiges) and polarizabilities, including the influen^ of attached gro ps 
(internal factors) and of the environment (external factors). 

u» Brthurted «i>d Otiggenheini, J . out iU\ 

* lugold (J. CJim. &«.. 1120 119301: Ck«n. ^ , 


■tata of a oaibosrlate aoS®” 0»^CE— O. 
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Djlftl Sif^ams. Lapiroiih^ pointed oat many yean ago thst 
laHttonmem in odd-numbered systnns (triad and pentad) does not alter 
tin valenoe of any atinn, but when an even number of atoms is involved 
(dyad and tetrad) tbe valence of one of <!» tenninal atoms is changed 
by two units. Consequently, dyad and tetrad tautommsm can arise 
f^y in sy^sms containing a terminal atom of variable valence, such as 
nitrogen, oxygen, or sulfur. The typical dyad system, hydrogen cya- 
nide isooyanide, was conadeted to involve bivalent carbon; the 


H— CteN ^ C=-«N— H 


H— CteN: ^ ;CfeN— H 


modem interpretation of this change is baaed upon the formulation of 
the isoqyanide as an electrical dipole.” The electronic theory has led 
to recogmtion of the circumstance that dyad and tetrad tautomerism 
always involves the creation of an electrical dipole and that the valence 
increase of two unite consists of one covalence and one electrovalence. 
In the (yanide isocyanide transformation, 4-covalent carbon becomes 
3-covalent and acquires one electrovalenoe (anionic); S-covalent nitro- 
gen becomes 4-covalent and acquires one electrovalence (cationic). 

Oxime-nitrone tautomerism affords another illustration of valence 
charges in dyad prototropic systems. This type of tautomerism occurs 
in relatively few organic compounds but more frequently in inorganic 
molecules, such as nitrous acid, sulfurous acid, b 3 q>ochlorou 8 add, 
hydrcoylamine, hydrazine (see peroxidic systems, p. 1924). 

R»0=*N— OH R*C=NH— 6 0=N— OH 0==NH— O 

Prototropio dyad syitams 

C(H»— N=N^H ^ lCja»-N-^:l [:OHl“ 




CH,— N-CH (;OHl- 


IHj CH, 


Asioootroiilc dy*d tjfiaim 

•Rremp leii of dyad anionotropic syst^na are found in the fweudobases 
encoontexed frequently in idkaloid chemistry and in the diazonium 
igrdroxides. , 

Individual iaomers of dyada are unknown, and it aiq>earB plausible 
to ewwMaM* liaA cg^'Oiigrstions can occur spontaneoudy or, at least, 
more readily th*« a,r-migrBtion8. The appaimitly spontaneous inter- 
in systems is inbbably due to intermolecular assodadon 
» I^WWwOt, X C»«M. n, 4S7 OSSS). 
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iavohrmg 2'>covalent hydrogen (hydrogen-bridges). Bescntanoe effects 
in the associated molecules tend to bring about a condiUon such that 

EiC—N N«=CR, :pi RtO«N N*»CR* 

— (y^ 

Dlmtfio '*oxi]iiff" form Dimerio "nitrone” form 


the “tautomeric” forms lose their structural identity. Thus, the dis- 
tinction between an oxime and a nitrone vanishes when dimerization 
occurs. Similar resonating forms may be produced also in certain triad 
prototropic systems, especially those in which the terminal atoms are 
oxygen and nitrogen (amides, amidines, diazoamino compounds, etc.). 
It is remarkable that these are the particular cases in which all attempts 
to separate the individual tautomeric forms have been unsuccessful. 

Triad Systems. The best-known examples of tautomerism are the 
prototropic triad and pentad systems. These may be represented by a 
general equation, in which the atoms X, Y, and Z may be carbon, 
nitrogen, or oxygen. 

X=»Y— Z— H 5=i H— X— y==Z X=Y + Z— H H— X— Y— Z 

Triad prototropy Addition reaction 

A close relationship exists between tautomerism and reversible addition 
reactions; the mechanism of tautomeric change is an intermolecular 
process involving proton addition and elimination (p. 1936). The more 
important types of triad systems are shown in Table XXIII. Pentad 
systems may be regarded as extensjons (vinylogs) of the corresponding 
triad structures. 

TABLE XXni 


Triad Tautomeeic Stbtemb 


Huee carbon. . 

Keto-«noI 

Imino-finamine . 
Nitrile-imine. . . 
Axo-hydrsionc . 
NitroacHixime . 
Aoi-nitro 


Amide-imiilol 



Diatoamino 

NitroaoaBUao 



>“ IncoU, ibid., IM. 170® (1023). 


.H— C— 0 =C 
.H~C—C=0 
H— C— 0 =N 
.H— C— 
.H-C— N=N 
.H— C— N =0 
.H-C-N =0 

I 

O 

.H— N— 0=0 
.H— N— 0 =N 
.H— N— N>=N 
.H— N— N =0 
.X— C— 0=0 


0=C-0-H 
C=C— O— H 
C=0-N— H 
0=C=N— H 
C=N— N— H 
0=N— O— H 
0==N — 0 — 

i 

O 

N=aC— O— H 
N=C-N— H 
N=N— N— H 
N=N— O— H 
0®>0— 0“X 
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im 

“limmaisy rshtion^pci of tautomers have bem examined by Brandi 
and Galvin,^* who have calculated from bond energies tibe difference in 
miergy (AH) for the tautomeric change of a number of triad systems. 
These values are only rough approximations sinoe they do not take into 
account the resonance energies and electrostatic energies. However, 
the values they have obtained correspond with the generally accepted 
views that, in ample cases, the ketones and aldehydes are stable with 
respect to the vinyl alcohols; the amides are stable with respect to the 
nnidols; the aklimines and ketimines are stable with respect to the vinyl 
amines; the oximes are stable with respect to nitroso compounds; diazo- 
hydroxy compounds are stable with respect to nitrosoamines; hydra* 
zones axe stable vrith respect to axo compounds. 


TABLE XXrV 

n£r voB Tbiad Tautoubbic Changes 
(Calculated from bond energies) 


H— X— Y=Z — X=Y— Z— H 


kca]s./mole 


Aldeli3rde — » enol +15 

Ketone —* enol +18 

Amide — • imidol +10 

Imine — « enamins + 8 

Three carbon 0 

Atwi^inA 0 


kea]s./moIe 


Nitroso — » oxime — 12 

Diato -♦ nitrosoamine ~ 8 

Axomethine 0 

Axo — > hydrazone — 9 

Diazoamino 0 


Ring-chain tautomerism affords a striking illustration of the analogy 
between tautomeric change and reversible additive reactions, since the 
ring form is an obvious addition product. The rings most frequently 
encountered are five-membered cycles containing one double bond and 
five- OT mx-mmnbered saturated cycles; occasionally, three-membered 
rings occur. 


CH— OH 


H— 0— CH—0 
H— it- COtH 



/OH 

R — C=®0 R — C\ 

1 ^ 1 A> 

CHjOH CHi 


Binacliaia tAittomAdsm 


n* Ibandi ^xd Calvin, “Hie Tbeoty of Orpuiio Chemixtrjr,’' Frenttoe-Hall, New York 

aWH). , 
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Cl 

/ 

O— Cl 

H-C-CO-Cl hV \ 

I! II o -it 

H— C— CO— Cl H— R— CHBr— CH=CH* 

CO 

Amonotroittc sysiuDB 


The Fecogmtion of anionotropic triad sirstems is comparatively 
recent,** and the examples are limited almost entirely to the tliree- 
carbon (allylic) type. Interconverdon of the 1,2- and 1,4-adducts of 
conjugated dienes, the aym.- and unsym.-phthalyi chlorides, and deriva- 
tives of cinnamyl and phenylallyl alcohols'® are typical examples. 
The study of anionotropic change has not yet advanc^ as far as that 
of prototropic change, but it is of interest to note that a number of 
generalizations relating to their mobility and equilibrium, deduced from 
theoretical considerations, have been verified experimentally. The tend- 
ency to migration in the a-phenylallyl— cinnamyl series for different 
potential anions follows the same sequence as the ionic stability: bro- 
mide > acetate > alcohol. 

C,H6— CH— CH==CH, Cjas— CH=CH— CHr-OH 

1 

OH 

flr-Fb«aylaUyl alcohol Ciimu&yl Alcohol 

The individual alcohols can be obtained separately, and each can be 
esterified without a change of structure. Conversion of the a-phenyl- 
allyl esters to the cinnam yl esters can be effected by heating in a sol- 
vent; the rate of conversion varies with the ionizing power (dielectric 
constant) of the solvent: benzonitrile, acetic anhydride > chlorobenzene 
> p-xylene. Isomerization of a-phenylallyl bromide is extremely 
rapid, so that the alcohol yields cinnamyl bromide when treated wdth 
hydrobromic and acetic acids. The observed influence of ot-substituents 
upon the mobility of allylic systems is in agreement with the anticipated 

p-Cl— CJI<— » CHr-CeHi— > C«Hs— » CHr->H 

sequence,**® based upon the view that the mobility is increased by any 
group which can facilitate electron release (—1 or —IT effect). 

The most effective activating groups for prototropic change will be 
those that have a strong electron attraction and can also provide a 
»»• Burton and Tn gnlS , /. CA«m. Sod., 904 (1928) ; Burton, 248 (1930). 
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fmitttble seat for tlie charge on the dectromeiic anion. An anronmium 
group — NRb'*', in spite of its powerful electron-attraction (+/), does 
not satisfy the second requirement and, consequently, has only a weak 
activating influence. Chi the other hand, nitrile and carbonyl groups, 
riduch satisfy both requirements, have an extremely powerful activating 
effect. The rdative activating effects in a series of carbonyl structure 
— CO — R will be enhanced by the ability of R to rdnforoe the electron- 
attraction of the carbonyl carbon (+/), but will be diminished by an 
ability of R to furnish electrons by electromeric electron-release (see 
neutralised systems, p. 1910}. On this basis the activating influence 
of a series of groups, substituted at the a- or y-position of a triad system, 
would decrease in the following order: 

AotiT&tioii effeota in X=:T — ‘A«=B 

A— B is — CO— CO,Et> — CO— H> — CO— CH,> — CO— Cl> 

— CO— OCH*^ — CO — NH*> — CO — 0 

The anticipated order is in excellent agreement with experimental 
observations of the behavior of prototropic 8}n3tem8. It is of interest 
to note that substitution at the d*positioD has much less effect than at 
the «- or y-positions. Indeed, if the terminal atoms X and Z in a 
triad system X=Y — ZH remain constant, variations of Y have but 
little influence on the mobility of the system. 

Pentad Systems. Mien two activating groups X=Y and A=B 
are attached to the same atom, there results a pentad system of the 
general form X— Y — ZH — A— B. Many of the best-known examples 
of tautomerism fall into this class, which may be regarded as “extended” 
or “double" triad systems. In the pentad structures the mobility is 
determined largely by the characteristics of X, Z, and B; the atoms 
Y and A are much less agnificant. 

In ample keto-enol triads the position of equilibrium is very strongly 
toward the keto form, and effective enolization is usually brought about 
through the influence of powerful reagents (strong acids or bases). 
In general the extent of enolization is greater in the pentad systems, and 
in many casee the equilibrium mixture contains more than 50 per cent of 
tiie Miol. Tlw large amount of enoi is probably due to the circumstance 
tiiat the pentad qmtms permit the formation of chelate structures 
involving 2-oovalent hydrogen (p. 1869) which derive additional stability 
from leeonanoe effects. The phenols afford an excellent example of a 
parallel {henmnenon; tiie enol form of a phenol is stabilized through 
tiie participation cff the O^C in the tesonanoe of the aromatic nucleus. 
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A survey of the applications of modern electronic theories of chenu" 
oal reaction reveals that much progress has been made in the direction 
of correlating the vast subject matter of organic chemistry. The modem 
theories are more dehnite in a physical sense and yet are broader in 
aspect than the former theories. It is evident, of course, that many of 
the individual postulates and general ideas of the modem theory had 
existed in the earlier conceptions of Kekul6, Michael, Thiele, Lapworth, 
Flflrscheim, Noyes, Stieglitz, and others. The new theories appear to 
present the essential truths of the older views in a more precise and un- 
ambiguous fashion, to eliminate misconceptions and inconsistencies in 
the older views, and to bring together many apparently isolated phe- 
nomena. 

An important contribution of the modem electronic concepts of 
valence as a basis for the interpretation of reaction mechanisms is this: 
the impKJsition, by the introduction of a few fundamental generaliza- 
tions (especially the principle requiring the maintenance of stable 
electronic configurations), of certain definite limitations upon the forms 
of electron displacement which it is permissible to assume in the course 
of chemical change. 

In conclusion it is appropriate to note briefly a few of the significant 
contributions of the modem theories. The recognition of two kinds of 
valence forces, electrovalence and covalence, has led to more accurate 
molecular models of organic systems and has rectified errors m the older 
structural formulas. The broad concept of electronic resonance (meso- 
merism) has been of great value in correlating structure and chemical 
reactivity. The notion that a hydrogen atom can hold two atoms to- 
gether (2-covalent hydrogen, or hydrogen-bridge) has served to bring 
together and clarify a large number of experimental observations that 
had long been regarded as unique or unrelated phenomena. 
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INTRODTJCTIOir 

Tile devdopment of the quantum mediaiucs during the last decade 
has led to the clarification of many concepts previously originated by the 
dremist regarding val^oe and the nature of the chemical bond, and also 
to the intaioduetlon of some new ideas. Of the latter the most important 
is the idea of resonance^ and especially of the resonance o/ a moUeule 
among teneral valence-bond aimcturea, which, although foreshadowed to 
some extent by early chemical theories, had not been clearly formulated 
<m the basis of empirical evidaaice.* In this chapter we shall discuss in 
a systematic way the essential features of the modem conception of 
the chemical bond, omitting, however, all quantitative calculations, the 
quantum-mechanical discussion being restricted to the qualitative de- 
scription of the results which have been obtained and the discussion of 
the physical and chemical concepts involved.^ 

The treatment of the chemical bond and the structure of molecules 
giv^ in this diapter is based largely on the fundamental concept of the 
shared-electron-pair bond as formulated by G. N. Lewis and developed 
by many investigators. A description of this development is given in 
Chapter 25, “Modem Electronic Concepts of Valence” (p. 1821), in 
whidi references to the earUer literature are contained. 

THE ELECTRONIC STRUCTURE OF ATOMS 

During the last twenty-five years a large amount of experimental 
information has been gathered regarding the stmcture of atoms, relating 
to the frequencies and intensities of spectral lines, the magnitudes of 
resonance and ionization potentials, the behavior of atoms in magnetic 
and electric fields, etc. This information has, after much rffort, been 
correlated through the devdopment of a theory which seems at present 
to r^resent in a completely satisfactory way the extranuclear electronic 
ateicture of atoms. This theory, csdled quantum mechanics or wave 
mechanics, is a refin^oit of the old quantum theory. It is not a com- 

* The idea of die leaonaaoe of molecules amoos iCTenJ valenee-bond sUuotUTes, to 
Whieh A rasuB resemblance ia diown by EelculS’e theory of the benzwie ring end Thiele's 
dieoiy of partial -valenee [Thieie, Ann., SOS, 87 (ISM)], is much more olosdy appiosimatad 
hy Arndt's theMy at intermediate atagee [Arndt, Sofaob, and Nachtwey, Ber., ST, 1903 
(IMS) ; Arndt, Met., SS, 2963 (1930)] and the theory of the meeomeiie state deveteped by 
die &i(jish and Ameiienn oreanio ehemista [Lowry, J. Chem. Soe., 822. 1800 (1923) ; Lueaa 
sad Jamsemi, J. Am. Chem. 8oe., SS, 2S7S (192S) ; Robinaon and oo-workers, J. Chen. 
SfCn Ml (1928); Incotd and Ingi^ sMd., 1310 (1920); see in putioulBr Ingold, Chem- 
Set., », 225 (1934)]. 

* Sm timw Fau^ma “The Nature of tbs Cbemioal Bond,” Cwndl Uidvenity Frsis, 

Idiaoa, Neer Sad w]idM> fdr a more detailed treatment of the eubjeet. 
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f^te ^lifioiy of the physical world — haa not been found possible to in!« 
elude within it all the refinements of the theory of relativity, or to ex- 
tend it to encompass electromagnetic phenomena and the structure of 
atomic nucld — but in the field of atomic structure and molecular struc- 
ture the very extensive agreement between deductions from quantum 
mechanics and the results of experiment together with the extensive 
experimental verification of theoretical predictions has caused most 
theoretical sdentists to consider the theory to be generally valid. 

In the following paragraphs a brief outline is given of the present 
views regarding the electronic structure of atoms. The statements made 
here without support are based upon 
many experimental facta, but lack 
of space necessitates their omission. 

According to the Bohr theory 


in its normal state revolves about 
the nucleus in a circular orbit with 
radius oo = 0.529 A (1 A = 1 X 10~® 
cm.) and the constant speed Do = 
2.182 X 10® cm. per sec. Thequan- 



butless definite. The state of motion 
of the electron is represented by an 
orbitd (an orbiial unve function), f, 
obtained by solution of the Schro- j?jq j — The piobability functions and 
dinger wave equation. In the physi- for the normal hydrogen atom, 

cal interpretation of the quantum 

mechanics the square of the wave function. represents the 
lilUy dutributiem function for the position of the electron, such that ^dV 
is the probability that the electron be found in the volume eluent <i7, 
and dr the probability that it be found betwe® the dis^^ r 
and r -f- dr from the nucleus. These quantities are shown m Fig. 1, i 
calculated for the wave function 


as 


,-r/«o 


ta ,hich r i. Ihe dfatoo from the elertron to the Mcleue. It ie eeett 

a.t elect™, is .0. St; 

“ . Mnreover the speed of the electron b also not con- 
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mo 

tkni, KMi it ffi toiid tliat the root^xneaa-scpifiie epsed has just the Bohr 
vahie The nomal hydrogen atom can aocxndmgly be described 1:^ 
sayhagriiat the deetron moves in and out about the nud^is, with about 
the igieed in such a way as to remain most of the time withm a dis> 
tanoe not much greater than oo. Over a period at rime lor^ enough to 
permit many eycke of motion of the deotron the normal hydrogm atom 
can be desmbed as consisting of the nucleus surrounded by a sphmcally 
symmetrical ball of negative electricity (the electnm blurred by a time 
e]q)osure of its rapd motion). The exponential nature of the wave func- 
tion makes it impossible for us to assign a dehnite radius to the atom, 
which fades away gradually with increasing r, but from Fig. 1 it may 
be smd that it has a radius of arotmd 2ao (or Soo), since the chance that 
the electron gets beyond this distance is Bma.ll. 

The electron itself has a spin (similar to the rotation of the earth 
about its own axis), and the spin can be oriented in either one of two 
ways (-h or — ) relative to a specified direction. Only two electrons can 
occupy the same orbital, and these two only by having their spins op- 
posed (Pauli exclusion principle). The normal helium atom consists of 
two electrons with opposed spins occup)rmg the Is orbital. In normal 
atoms containing more electrons the Is orbital is always occupied in this 
way by two electrons, which are scud in tins case to constitute a complete 
duU, the K shell. The size (linear dimensions) of the K shell varies 
about inversely with the effective nuclear charge, the helium atom being 
about one-half as large as the hydrogen atom, the lithium ion Li'*' about 
one-third as large, and so on. 

The next outer shell is the L sheSl, consisting of the four orbitals 
2s, 2p„ 2p^ and 2pt, of which 2s is somewhat more stable than the 
In atoms lithium to neon, electrons are introduced in these 
wbitals, two dectrons in the same orbital having opposed spins; this 
gives neon a completed L shell of eight electrons. This dectronic config- 
uration is repnesmted by the symbol Is* 28* 2p»* 2p^ 2p,* or Is* 2s* 2p®, 
the superscript showing the number of electrons occupying the orbital or 
orUtals. Here the numbers 1 and 2 (for K and L shell, respectively) ^ve 
the values of the total quantum number n, and the letters s and p represent 
the values of the atimuthal quantum number * I (s, p, d, /, etc., corre- 
sponchag to 1 0, 1, 2, 3, • • n — 1). 

In an at<un or manatomic ion the electrons tend not to pair with one 

* la tlw old quantum Uieoty the arimuthal qiiantum number determined the eeem- 
of the elBptieel orbit. This interpretation ie retained eaeantiaUp in tiie quantum 
tiie • mhital hi a tiven ahdl being the meet eeeentrto and penetrating most 
despijr into the the p oirititide nort, and ao on. The greater penetration into the core 
(tiw region near the jitoteu) leeds to greater stahfllUr. end tfaue dvea liae to tiie etabtUtr 
setrowuMti* > tip ete., indiested in Vlg. 3. 
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AlwtliOT (by occupying the same orbital, thm spias being opposed), but 
instead to occupy different orWtals, keeping their simus parallel For 
emmple, m me normal nitrogen atom thoe are three unpaired electxons, 
Tm two most stable orbitals. Is oad 28, are occupied by pairs, whereas 
the three next orbitals, 2p;t, 2py, and 2p„ which do not differ in stability, 


®*0 “*^‘^®®®vOOOOOOO 

^^0''O0O„0O00O 

^pOO o 

4*0 3<iOOOOO 


9pO O O 
3»0 
a 

® 'pOOO 

**o 


1*0 

Fiq, 2. — ^The approxiniate stability sequence for atoznic orbitals, the lowest drele 
representing the most stable orbital (Is). Each circle represents one atomic orbital, 
which can be occupied either by one electron or by two electrons with opposed spins. 
In helium the Is orbital is filled (with two electrons), in neon the Is, 2s, and three 

2p orbitals, sad so on. 

are occupied by one electron apiece. In oxygen the eighth electron must 
pair with one of these three in order to enter the L shell, leaving only 
two unpaired electrons; the same process leads to one unpaired electron 
in fluorine and none in neon. 

There are n* orbitals in the shell with total quantum number n, 1 in 
the K shell, 4 in the L, 9 in the 3f, 16 in the N, and so on, the numbers of 
electrons occupying a completed shell being thus 2»®. Tim apprmdmate 
fdative mergy values for atomic orbitals are indicated m Fig. 2, the 
most stable orlntals being the lowest. It is seen that the M shell is not 
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eoni^deMy fiUed ^ctrons b^ore the N orlStals begun to be occu> 
ped. lostead, after ^ 3e and 3p orlatals are oecuided by an "octet” 
of ei^t eleobrons, giving the etaUe argon configuration Is* 2$* 2j:fi 
3s* 3p*, dectituis ent^ the 48 orbitals (in. potassiuin and caltimn), and 
<ndy later, in the iron-group tianstion elements, are the 3d orbitals 
filled by their complement of ten electrons. The palladium and plati- 
num transition elements (ten of each) correspond to filling the five 4d 
and five 5d orlntals, respectively, and the rare earths (fourteen) to filling 
the seven 4f orbitals. 

It must be mentioned that the stability sequence shown in Fig. 2 is 
not always strictly applicable. In potassium and calcium the 4$ orbital 



electron sheila, the outermost being not well defined. (From calculations by Hartree.) 

is more stable than tiie 3d orbitals, and hence is occupied by electrons 
whereas with increase in the atomic number (iron, cobalt, nickel) the 3d 
oitatals become more stable than the 48. The same change in relative 
stalnlity of orbitals takes place in the other transition series. 

The outer shell of many stable monatomic ions consists of an octet of 
ei^t electrons in s and p orbitals (noble-gas type) or of eighteen elec* 
toms in s, p, and d orbitals (eighteen-ehell type — Zn'^\ etc.). 

The radial electron distrilmtion function for rubidium ion, with the 
oonfigurati<m l8* 28* 2p* 38* 3p® 3d*® 4s* 4p*, is shown in Fig. 3. The 
K, L, M, and N ddle are represented by the successive humps. 

mK^TSOSTATIC BONDS AND COTAISNT BONDS 

li Is eonvmiimt to oonodar three genmal classes of chemical bonds: 
detir^Mie hondt, ccvalenl bonis, and metdUie bonds. This dassificatioa 
is not a ngcam^itme; fcN altiuni^ the bonds charactoistic of each of ths 
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classes have well-defined properties, especially from Ac siaruetural vie^ 
point, the transition from one class to the other may take place gradu- 
aDy* permitting the existence of bonds of intermediate type (p. 1950). 
In other oases there may occur a discontinuity in some physical or chemi- 
cal property, which may be used as a basis for classification (p. 1950). 
Metallic bonds will not be discussed in this chapter. 

The LmJc Bond and Other Electrostatic Bonds. We say that thwe 
is a chemical bond between two atoms or groups of atoms if the fore® 
acting between them are such as to lead to the formation of an aggregate 
with sufficient stability to make it convenient for the chemist to consder 
it as an Independent molecular sped®. (Thus the weak van der Waals’ 
fore® between molecules are not usually considered as leading to the 
formation of chemical bonds.) If we can assign to each of the atoms or 
groups of atoms a definite electronic structure, essentially independent 
of the other atom or group, such that electrostatic interactions lead to 
strong attraction and the formation of a chemical bond, the bond is said 
to be an electrostatic bond. 

The most important of th®e is the ionic bond, resulting from the 
Coulomb attraction of the excess electric charg® of oppositely charged 
ions. There are essentially ionic bonds between Na"*" and Cl~ in crystal- 
line sodium chloride and in NaCl molecul® in sodium chloride vapor.* 
The fluoferriate complex ion, [FeFe]^, consists ®sentially of Fe'^'^'''and 
F“ ions held together by ionic bonds. 

In [Fe(HjO)6]‘^'^^ (Ni(H20)«]++ [NiCNHs)^'*'^ and many other 
complex® the bonds between the central ion and the surrounding 
molecul® are due essentially to the electrostatic attraction of the excess 
charge of the ®ntral ion for the permanent electric dipol® of the mole- 
cul®.’ Electrostatic bonds of this type may be called ionnUpole bonds. 
Electrostatic bonds may also r®uit from the attraction of an ion for the 
induced dipole of a polarizable molecule or from the mutual interaction 
of the permanent electric dipol® of two molecul®. 

The Shared-Electron-Pair Bond or Single Covalent Bond. With 

G. N. Lewis (1916) we write electronic structur® such as H:H, :C1.C1., 

H 

etc., in which only the outer electrons are represented. Here 

• • 

JJ 

a bond is formed betwwn two atoms by two electrons which are held 
jointly by the two atoms, and which can be considered as oontributing to 

• For • of ionic bond* in ciy»t»l* ieo P»ulin«, J. Am. Chem. Sofc, #1, 1010 

( 1020 ). 

• Lancinuir. Md., U, 868 (1919). wqjecinUy pp. 930-031. 
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• 7^ aatare of iji«s6 bonds is now well understood as the result of Uie 
i^^cation of quantom mechanics, be^nning with the pioneer work of 
Heiti^ and Lomkm.* 

A rdngle covalent bond between two atoms A and B involves two 
eleetrons, one orintal from atom A, and one orbital from atom B. One of 
the dbotrons has positive spin and one negative spin; the stability of the 
bond may be considered to result from the interchange of the two elec- 
trons betweoi the atoms A and B; that is, from resonance between the 
structures At I B and A i T fi, the arrows indicating the orientation 
of the dectron spins. 

The energy required to separate two atoms joined by a single cova- 
lent bond is of the order of noagnitude of 50,000 to 100,000 cal. per mole. 
The strength of the bond depends on the nature of the orbitals involved 
(p. 1952). 

THE IDEA OF RESORAECE * 

The idea of resonance, in its application to chemistry, is the following. 
If it is posable to write for a molecule (or other system) two or more elec- 
tronic structures corresponding to about the same energy and satisfying 
certain other conditions, then no one of the structures alone can be con- 
sidered to represent the normal state of the molecule, which instead is 
represented essentially by all of them; and, moreover, the molecule is 
then more stable (has a smaller eneigy content) than it would be if it bad 
any one of the structures alone. The molecule is described as resonating 
am<n)g various structures, and the energy stabilizing the molecule is 
calkd resonance energy. 

(In quantummechanical terms, it is said that the wave function 
rqtresenting the normal state of the molecule is not my one of the wave 
functi<ms corresponding to the various electronic structures, but is a 
fioear combination <A them.) 

The principal conditions for resonance are that the structures corre- 
^Hmd to the smne atomic arrangement (nuclear configuration) and to 
the same number of finpaired electrons. 

The effect of the energy of the structures is the following. If two 
possitde structures have the same energy (and satisfy the other condi- 
tions fat rescBumce, mmitioned above) the mdecule resoiuites equally 

' EtiUar and lioa&m, t. PhytOt, 44, 46S (1927). 

* For » mors thoi«eid> of Uik aobiaBt mb Pauling and Wilacm, “latroduo- 

tion to Quantam Hte^aniga, with Anilieations to C^ofnistcr," MaQraw^filll Book do.. 

Torlc itm. Sms. 41, dSf. 
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The group resouates between these two structures equally, and is thereby 
made more stable than either one of them. If one of the individual 
structures is much less stable than the other, its contribution is very 
small, and resonance makes the molecule only slightly more stable tha-'n 
the more stable of the two structures. 

It has already been mentioned that the energy of a single covalent 
bond between two atoms A and B can be considered as the resonance 

energy between the two equivalent structures A T iBandAi T B. In 

the foUowing sections other applications of the idea of resonance will be 
discussed. 


THE COVALENT BOND 

The Ionic Character of Covalent Bonds. For a molecule such as HCl 

• • 

we write two reasonable electronic structures, H:0! and H"*" : Cl:, the 

• * •• 

first corresponding to a normal covalent bond between the two atoms (simi- 
lar to the bonds in H2 and CI2) and the second to an ionic bond. Inas- 
much as chlorine is electronegative with respect to hydrogen, we expect 
the ionic structure, although less stable than the normal covtdait struc- 
ture, to be not far removed from it in energy. These two structures 
satisfy the conditions for resonance, and the normal HCl molecule must 
be considered as represented by both of them. The bond is partially 
covalent and partially ionic, the covalent contribution being the greater. 
The bond is stronger than either the normal covalent bond or the ionic bond, 
as the result of the resonance energy. It is the stabilismg effect of the 
partial ionic character which makes covalent bonds between imlike 
atoms more stable than those between like atoms. A quantitative tpra.t- 
ment of the energy of bonds in rdation to the relative electronegativity of 
atoms has been given.* 

A single bond may lie anywhere between the ionic extreme and the 
normal covalent extreme. The former extreme is approached doedy in 
CbF, and the latter is reached in bonds between like atoms, as in H 2 . 
In the series of gas molecules HF, HQ, HBr, HI, there is evid^oe that 
the ionic character is Imge in HF (perhaps larger than the covalent ihar- 
acter), and that it falls off rapidly in the order HCl, HBr, HI, the last 
having vei*y little ionic character. 

* Pauling, J. Am. Chem. Soe., 64, 3670 (1932) : ref. 1, Chapter IL 
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Xtiaustbept^ted <Hit tbat deduction of bond fnun phytical 

prtq)ertie8 must be made with great caution. Thus of the fluorides 


M.P. 


NaF 

880* 


MfF. 

Jwo* 


AIF, 

1040* 


8iF4 

-77* 


PF, 

-83* 


SF« 

-85*0. 


those high mdting points have been described as ionic compounds 
and the othms as covalent compounds. Actually the Al-F Imnd is 
closely similar to the Si-F bond. The abrupt change in properties be- 
twemi AIF3 and SiFi is due to a change in atomic arrangement — ^in the 
number and distribution of the bonds rather than in their type. In NaF, 
MgFa, and AIF3 each metal atom or ion is surrounded by six fluorine 
atoms or ions, to which it is bonded, and each fluorine is bonded to more 
than one metal (six in NaF, three in MgFa, two in AIF3) in such a way as 
to make the whole crystal one giant molecule, so that fusion and vapori> 
zation can occur only through breaking these strong bonds. In SiF4, 
PF3, and SFe crystals there are discrete molecules, each fluorine being 
bonded only to the central atom ; these molecules are held together only 
by weak van der Waals’ forces, and so the substances melt and boil 
easily. As pointed out long ago by Kossel,® this ease of fusion and vapori- 
zation would be expected for ionic molecules of high symmetry and is not 
sound evidence for the presence of covalent bonds. There is strong evi- 
dence, such as that mentioned above, that volatility does not depend 
mainly on bond type, but on the atomic arrangement and the distribu- 
tion of the bonds. 

Bond OrUtals. The Tetrahedral Carbon Atom. An orbital in an 
atom, such as the s and p orbitals indicated in Fig. 4 , can be occupied by 
one unpaired electron or by two electrons, which form an unshared pair. 
An atomic orbital can also be involved in bond formation, the single 
covalent bond consisting of the shared pair of electrons occupying two 
atomic orbitals, one for each atom. These orbitals are conveniently 
called bmd aiintaU. 

A simple quantum-mechanical treatment of the relation between the 
strengths and relative ori^tation of the covalent bonds formed by an 
atom and tire nature of its bond orbitals has been given.* It has been 
seen frcmi the forcing discussion that the stability of a covalent bond 
is determined by the resonance energy of the two electrons betweMi the 
two bond <»lHlak, one for each atom. The examination of the form of the 
lescmance inb^al shows that the resonance energy increases in ma^ui- 

• Koai^ Z. Hvtik, 1, 39S (1020). 

* Fttalina, I. Zm. Chem. Soe., BS, 1367 (1831) ; ref . 1, CSiaptar HI ; aee alao EBator, Phn*. 
Sm^ St, 481: 38, 1109 (1981), and Hutt«rea, ibid., 801 (1032). 
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taide villi increase in the overlapping of the two bond orbitals (the word 
overlapping aigaif3ring the extent to which the regions in ^lace in which 
the two orbital wave functions have large values coincide). Conse- 
quently it is expected that of two orbitals in an atom (he one which can over- 
lap more viiiii an orbital of another atom uhU form the stronger bond, and. 




Pt P„ Pt 


Pjq 4 . — ^RepTSscntation of angular dependence of * and p atomic orbitals. The 
mamitude of each wave function, depending on orientation (polar angles 0 and p), 
is i^resented for each wave function by a vector drawn from the origin m the direc- 
tion 0, <p under consideration to the surfaces shown. 

moreover, the bond formed by a given orbital wiU tend to lie in that direction 
in which the orbrtod is concentrated. 

The different bond orbitals of a pven atom do not differ very much 
in their dependence on r, but they may show a great differ^ce in 
dependence on d and <?, that is, in their angular distribution. This is 
seen from Fig. 4. The s orbital is spherically symmetrical, and so can 
fonn a bond in one direction as well as in any other, whereas the three 
p orbitals are concentrated along the three Cartesian axes, and wffl tend 
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to Imva bcmds in diredaonB.* Moreovw, the p orldtalB aje oon- 
OB&tasted in th«» direotiota, having a magnitiide \/3 tixnes as fseetA as 
^ae « orbital; hraioe (because of greater overlapping) p bonds are Wronger 
Sion s bonds. It is convenient to ctdl this magnitude (1.732 for p orbit^, 
1 fw 8 <nrlHttds) the strength of the bond orbdal. 



FiO. 8. — ^Angular dependence of a tetrahedral orUtal (with cylindrical eymmetry 

about the x axis). 

Hie oondofflon that p bonds tend to he at right angles is verified to some 
extent by experiment. In HjS, with the electronic structure :S:H, the 

ae 

H 

bcmd anf^e ^ is 92°, and values between 90° and 110° are found in many 
similar molecules. 

This does not mean, however, that the carbon atom will form three 
p bonds at ri^t an^es and a fourth (weaker) bond in some other direc- 
tion. Instead, by the process of hybridization (the formation of linear 
oombinatkms) of tiie s and p orbitals four tetrahedral bond orbitals can be 
ccmstmcted; these orbitals are the best bond orbitals vdiich can exist in 
the L didl, ^ving a strength of 2.00 as a result of great concentration in 
one direction (Fig. 5). The four tetrahedral bond orbitals are mutually 
eq^valeot, and th^ are directed towmxls the comers of a regular tetra- 

STkeoiimtiOionot ihcVxM i« ot eoune vfaitisiy; wa ahould ny that the bond direo- 
tkMW for tiift Uuee p orUtais an at right aoj^ea to one anothar. 

Pftat. fiw.. «r, 7 (1985). 
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hedron. The properties which these bond orbitaJs give to tiie carbffli 
atom are just those found experimentally, which led the chemist to the 
concept of the tetrahedral carbon atom (p. 222). 

If a first-row element forms four covalent bonds (the tnn.'riT^i^Tn pos- 
sible, as tlwre are only four orbitals in the L shell), these wili be tetrar 
hedrally directed, with angles 109“ 28', provided that there is no dis- 
tortion arising from steric or other effects.* When only two or three 
bonds are formed the bond angle may lie anywhere between 90° and 
109° 28' (ignoring distortion), inaanuch as two opposing effects are oper- 
ative. An unshared pair will tend to occupy the stable s orbital, leaving 
the p orbitals for the formation of bonds at 00° angles. On the other 
hand, the shared pairs strive to cause hybridization and the formation 
of tetrahedral bonds with use of the best bond orbitals (strength 2). 
That these opposing effects reach a compromise is incficated by the inter- 
mediate value, 105°, observed for the bond angle in the water molecule. 
The value 100° ± 3° is also reported for OF 2 . In other oxygen com- 
pounds somewhat larger values are found, perhaps because of steric 
repulsion of the large attached atoms or groups: 111° ± 2° in CI 2 O, 
111° ± 4° in dimethyl ether, and 110° ± 5° in dioxane. The nitrogen 
bond angles in NHs and other molecules also have values of about 110°. 

Other atoms (Ni*^, Pd“, Pt”, Cu“, Au*“) can form four covalent 
bonds directed toward the comers of a square, using hybrid bond orbitals 
formed from one d, one s, and two p orbitals. Atoms such as Fe*^, Fe^*^, 
Co*“, Pd*'^, Pt*'^, etc., can form six covalent bonds directed toward the 
comers of an octahedron, using hybrid bond orbitals formed from two d, 
one s, and three p orbitals. 

It is to be emphasized that the quantum-mechanical treatment pven 
above is neither rigorous nor unique. Most of the problems of chemistry 
are so complicated that they can be attecked in practice only through 
extreme simplification. The simplifying assumptions can be chosen in 
any one of a number of ways. Of these ways two in particular are espe- 
cially reasonable} these correspond to the two general treatments which 
have been used to the largest extent in the treatment of the electronic 
structure of molecules, called the vaienc^bond method and the nwiecular- 
orbital method. Of these two methods the former is the more closely 
related to the familiar concepts of chemistry, and for this reason our 
(fiscuaaicin will be restricted to it. Confidence in the results of its ^pli- 
cation, which might be shaken by reahzation of ite approximate charao- 

• EUeotroiHliffractiou studiea have ahown tliat th* C1-CM31 angUa in methytena «3ilo- 
ride and ehkwoform have the value 111* ± a», wUy elighUy different bom. the tetrdsednl 
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ter^ is sdofraved by the fact that essential)^ the sune lesulta are 

(^ti^ed by application of ibe method of molecular orbitals. * 

Hie Magnetic Ciiterion for Bond Type.* It has been mentioned (p. 
1949) that discontinuities in physical properties sometimes cannot ^ 
relied on as indicating a discontinuity in bond type. For certain sub- 
stances, however, definite evidence regarding the bond tyi>e can be ob- 
tained by the observation of one property of the molecule, its magnetic 
mmnent. 

Let us now consider the complex ions fFeFel* and [Fe(CN)6]". If 
the bonds connecting the iron atom to the six surroimding groups are 
ionic, these complexes contain the ferric ion, Fe'*"^'*', with twenty-three 
electrons. Of these electrons eighteen occupy the nine most stable orbit- 
als, and the remaining five the five 3d orbitals, the electron configuration 
being Is* 2s* 2p* 3s* 3p® 3d®. Electrons in atoms or monatomic ions 
avoid pairing; hence the five 3d electrons distribute themselves among 
the five 3d orbitals without pairing, as indicated in Fig. 6. Now each 
unpmred electron makes a large contribution to the magnetic moment of 
the complex, because of its spin, so that a complex ion [FeXe]® contain- 
ii^ ionic bonds would have a very large magnetic moment, and a sub- 
stance containing it would be strongly paramagnetic. 

On the other hand, if the iron atom is attached to the six groups by 
octahedral covalent bonds two of the 3d orbitals will be involved in bond 
formation, together with the 4s and the three 4p orbitals (Fig. 6), and 
the five 3d electrons will be forced into the three remaining 3d orbitals, 
only one remaining unpaired. This will give rise to a relatively small 
magnetic moment. 

The exp^tinentally determined moment for [FeFe]® corresponds 
accurately to five unpaired electrons, and that for (Fe(CN)6]“ to one; 
hence in the fluoferriate ion the bonds are essentially ionic and in the 
femcyanide ion Ibey are essentially covalent. 

* The foOowiDs referencea relate to the development of the two principal methoda of 
traatment of the electronic atrueture of moleeuiea. Valenoo'bond method; Heitler and 
Umdon, Z. Phynk, 44, 456 (1927) ; Heitier, ibid., 44. 47 ; 47, 835 (1928) ; SI, SOS (1929) ; 
tendon, ibid., 4«, 456; M, 24 (1928) ; Fatding, Proe. NaO. Acad. Sei. U. S., 14, 359 (1928) ; 
Chem. Bet., S, 173 (1928); Slater, Phyt. Bet., 87, 481; 88, 1109 (1931); PauUng, /. Am. 
Chem. See., SS, 1367 (1931). MolecUlar-orUtal method: Burrau, Kgl. Danekt Viderukab. 
SMak. Medd., 7, 1 (1927) ; Lennard-Jonee, Tram. Faradav Soe., tS, 668 (1929) ; 

Bund, Z. Phvtik, 41, 769 (1928) ; 48, 719 (1930) ; 78, 1, 666 (1931) ; 74. 429 (1932) ; Hera- 
faecg, &i4., 67, |01 (1929); MulUkra, Chem, Bet., 9, 347 (1931); Phyt. Ret., 46, 66; 41, 
^ 761 (1932bJ«, 279 (1933) ; Bet. Modem Phyt., 4, I (1932) ; J. Chem. Phyt., 1, 492 
(1933) ; 3, 614, 617, 664, 673, 686, 636 (1936). The problem of directed valence 

ia ^aeuaaed^&be following papers, in addition to thoae already mentioned : Van Vleek, 
/. ahe myM B.. % 177, 219 (1933); t. 20, 297 (1934) ; Penney, Proe. Roy. Soe. {London), 
Ai44, J^^B934); Proo. Phye. Soe. (London), 46, 833 (1934); Penney and Sutherland 
/. Ct^^kye., a, 492 (1634) ; Trane. Faraday Soe., SO, 898 (1934). 

.ji iSline, J. Am. Chem. Soe., 66, 1367 (1931) ; t«f. 1, Chaptw UI. 
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Octahedrally coordinated ferrous complexes are diamagnetic (wi A no 
unpaired electrons) if the bonds are essentially covalent, as in the feiro- 
cyanide ion, [Fe(CN)al“"', and strongly paramagnetic (four unpaired 
electrons) if the bonds are essentially ionic, as in the hydrated ferrous ion, 
[Fe(H20)«]++. 

An interesting example of the application of the magnetic method is 
provided by heme compounds. Ferroheme, the ferrous salt of protopor- 
phyrin, combines with pyridine, nicotine, cyanide ion, denatured globin, 
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Fia, 6. — Occupancy of orbitals in iron complexes, each large circle representing an 
orbital and each small circle an electron. The circles enclosed in the rectangles are 
involved in covalent bond fortnation. 


and other substances to form deep red substances called hemochromo- 
gens; the stoichiometric ratio is two groups (pyridine, cyanide ion, etc.) 
per ferroheme molecule. The structure of the hemochromogens has been 
determined from magnetic measurements.* The substances are diamag- 
netic, and hence have about the iron atom six covalent bonds which are 
directed to octahedrally arranged atoms; these are safely presumed to be 
the four nitrogen atoms of the poiphyrin system and two atoms of the 
attached groups, such as the nitrogen atoms of two pyridine or nicotine 
molecules or carbon atoms of two cyanide ions. The structure of 
dicyanide hemochromogen is shov^Ti in Fig. 7. 

Caxbonmonoxyhemoglobin and oxyhemoglobin have also been found 
to be diamagnetic “ and hence to contain octahedral covalent bonds; in 
these molecules it is probable that four bonds are from iron to the f^r 
porphyrin nitrogen atoms, one to a nitrogen atom of the i mi dazole ring 
of a histidine readue of the globin, “ and one to the attached carbon mon- 
oxide or oxygaa molecule. 

Octahedral covalent bonds have been reported from magnetic meas- 

* Pauling *nd Coryell, Pnxs, Natl. Aoad. Set., V. 3.. U, ISO (1®®). 

*• Pauling and Coryelli iMd., SIi 210 (1938). 

a CMydl Pauling, J. Bid. Chen., its, 769 (1960). 
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itraoomte also for fenihesaoi^ol^ crpuude^ feirj^temt^kilHa lijrdrOBul^ 
fidOj femhaiK>|^<^blD acdo, ltn}da«ole-fewibainogk>tHP» azQmooifr'ferri* 
h^DO^bin lQr<kaxye, and ethylieoi^iaudchfem^j^iu^obm, and easen- 
tiajly kmio bonds for ferrobemofidobm, femhemoglot^ ion, ferrifa^o- 
globtn fluoride, ethanol-ferrihraoioglolw ion, and ethanol-ferribemoglolrin 
bydrcodde.** The magnetio data huflcate the presence of bonds of inter* 
mediato t^Tpe in ferrihemo^bin hydroxide.** 



Fio. 7. — ^The straoture of dioyanide hemochromogen, formed by oombination of 
ferrauB protoporphyrin and two eyanide ions. The octahedral orientation of eix 
covalent bonds about the iron atom is indicated. 

A complex of bivalent nickel in which the nickel atom forms four 
essentially covalent bonds directed toward the comers of a square of four 
atoms about the nickel atom and coplanar with it is diamagnetic ; a nick- 
elous complex with other types of bonds is paramagnetic. The observed 
diamagnetism of nickd protoporphyrin • sho'a® that in this compound 
the four porphyrin nitrogen atoms are coplanar with the nickel atom and 
are attached to it by covalait bonds. A similar stracture is shown for 
nidnel phthalocyanine by its diamagnetism. 

Mirit^le Bonds. Ihe formal requirements for a double covalent 
bond betwem two atoms are the same as for two single covalent bonds; 
namdy, the bond involves four electrons and four bond orbitals, two for 
each atom. A triple bond involves rix electrons and six bond orbitids, 
three for eatfli atom. Thus a first-row atom can form (with its four L 
orintals) a minximnm of four ffln^ covalent bonds, two single and one 
double, two double, or one single and one triple. 

In writing electronic structures it is often convenient to use the cus- 
tomarjr^sl^eedxnul dashes, only the outer unshared electrons being- 
repimSftd l|r dots, ss, for exunifle, 

i^^nrysil. odtt, aoA Fwdiiic. <f. 4tn. Ctom. Bee,, t$, 038 (1S87): Ooiydt and Stit^ 
sse tlMO) : Eussdl mmI Pauling. Proe, NaU. Acad. 3ei., V. 3„ M, 317 (1030). 
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H— H, :a-a; , H-C— H, 

*• •• 1 


H— A-0: 
1 t 

H 

1 1 
H H 

instead of * 


H 

«• •• •• 

H. .H 

H 


:c::c: , 


•• •• «• 

H 

H- *H 

HH 


Moreover, it may also be convenient to represent the formal charges of 
the atoms by means of small plus and minus signs, the formal charge of 
an atom for a given electronic structure being calculated by assigning to 
that atom all its u nsh ared electrons and one-half of the electrons which 
it shares with other atoms. Formal charges calculated in way are 
shown in the following examples: 

H 

I 

\n/ 

IL I. 

I 

H 

It must be recognized that these charges do not represent accurately the 
charge distribution for the molecule, inasmuch as such effects as polari- 
zation, partial ionic character of bonds, etc., are also of significance; but 
the formal charges are probably the expression of the most important 
effect. 

In our discussion the terms coordinate covalency and semi-polar donAle 
bonds have not been used. The six single covalent bonds between C and 
Fe in [Fe(CN)6]“ for example, are sometimes called coordinate covalent 
bonds, on the b asis of the supposition that this complex is formed from 
Fe"*"*"*" and 6 (CN)~, the latter ions providing all the electrons for the 
bonds. These covalent bonds, once formed, do not differ in any way 
from other covalent bonds, however, and there seems to be no need for 
att^npting to differentiate the C — ^Fe bond from the C — C bond in 
HjC—CN, say, by the use of a different name. Similarly in trimethyl- 
amiTift oxide the bond between N and O is sometimes called a semi-polar 
double bond. This nomenclature may be convenient at times, the two 
atoms being actually held together by a single covalent bond and by an 
ionic bond (the electrostatic interaction of thdr form^ charges) ; the use 
of a apecud symbol for the semi-polar double bond is unnecessary if the 
formal chatges are shown in the structural fomuilak 


H 

I 

H— N— H 

I 

H 


CH, 

(+ •• 

hk::~n-o: 


CH, 
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lOie <WJiaection Band and the Three-Electron Bond." The 
simidosi molecules in which the one-electron bond and the three-deo- 
trcm bond occur are the faydrcyen molecule ion, and the helium 
molecule hm, Hea*^, respectively. The hydrogen molectde ion condsta 
of two protons (for each of which there is only one stable orbital, Is) 
and one dectron. The two structures H* H"*" and 'H, in which the 
dectron occupies first one and then the other Is orbital, are equivalent, 
and so correspond to equal energy, satisfjung the condition for reso- 
nance. The system may be expected to resonate between these two 
structures and thereby to be stabilized, forming a bond which we call 
the one-dectron bond. This bond is only about one-half as strong as a 
shared-dectron-pair bond, the dissociation energy of H 2 ''' being 60,800 
<al. per mole, as compared with 102,600 cal. per mole for H 2 . 

For Hea'*’, with a Is orbital for each nucleus and three electrons, 
there are also two equivalent structures, He: •He'*' and He'*'* :He, be- 
tween which there is resonance, leading to the formation of a three- 
dectron bond. This bond too is only about one-half as strong as a 
shared-electron-pair bond, the dissociation energy of He 2 '*' being about 
58,000 cal. per mole. 

For the formation of a one-electron bond, an electron-pair bond, or a 
three-dectron bond between two atoms there are needed two bond orbit- 
als, one for each atom, and one, two, or three electrons, respectivdy. As 
mentioned above, a one-electron or three-electron bond is only about 
one-half as strong as an dectron-pdr bond. There is another difference 
in properties which causes the one-electron and three-dectron bonds to 
be of rally minor importance. An dcctron-pair bond can be formed be- 
tween any two atoms, the conditions for resonance being always satis- 
fied. On the other hand, the structures A- B and A -B (or A: • B and 
A* :B) in general will not have approxiinately equal energy, and so will 
not satisfy the energy condition for resonance; only if A and B are atoms 
of the same element or are of such a nature as to cause the two structures 
to have nearly the same energy (as for two atoms adjacent in the periodic 
table) will resonance occur and a one-electron or three-dectron bond be 
framed. 

It is piobdble that the one-electron bond occurs in the boron hydrides, 

H H 

*• •* 

B}He having the electronic structure in which two of the 

t H H 

boron-hydrogpa bonds are one-dectron bonds." 

** Chm. &>e.. SS. 3226 (1931) ; ref. 1, Chaiiter Vin. 

Eleotioiiic Theoix of Vsleocy,” Oxford Uaiveraitgr Press, Oxford 
(IS^P p. 103. a laore detailed dfawmrion of the structure of the boron hydrides, see 
PaSmd Pwdbp, /, iles. Chmn. Soe^ 68, 3403 (1086), and Bauer, ibid., M. 1096 (1937). 
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Tt® three^Iectron bond seems to occur in sevonl nudecides, between 
like atonw (as in Hea"*") or atoms which are adjacent to eadi otiier in tile 
periodic table, and so are sufficiently alike to permit the resonance star 
bihring this bond. Molecules and complexes contaanii^ this bond 
include NO, NO2, O2 , O2, SO, S2, and CIO2, to which are assigned the 
following structures, using — and = for the single and double covalent 
bonds, and ... for the three-electron bond. 



= 0 : 


N— 


0 : 


Double bond plus a three-electron bond. 

Double bond to one ox3rgen atom, sin^e bond plus a three- 
electron bond to the other. 


[ 


: 0 — 


9 -]- 


(Superoxide ion, as in KOj.) Single bond plus a three-elec- 
tron bond. 


:S^0: 

.Q ».« . q. 


Single bond plus two three-electron bonds (two unpaired 
electrons). 



Single bond to one oxygen atom, single bond plus a three- 
electron bond to the other. 


THE RESONANCE OF MOLECITLES AMONG SEVERAL VALENCE-BOND 

STRUCTURES 

The Meaning of Valence-Bond Formulas. By a formula containing 
the symbol C — C, representing a single covalent bond between two car- 
bon atoms, it is meant that the bond between the two atoms is essentially 
the same as in ethane or in diamond; in quantum-mechanical language, 
the same wave function (or part of a wave function) would be used for 
the molecule under discussion as for ethane or diamond. Similarly 
0 =C represents a bond as in ethylene, C«C one as in acetylene, and 
BO on. 

[The symbol 0=0 is generally used to represent a double bond with 
about the same ionic character as in acetone. This ionic character arbes 
in large part from resonance between the electronic structures 



and it is scanetimes (though not usually) convenient to give this reso- 
nance explicit discussion.] 

It is found empirically that many molecule are of sadi a nature il»at 
for each a «n" gl" valence-bond formula can be written winch repteseata 
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and |>r^)atiee<^ the molecule in a satMaot4»ywi(y^. 'jftjyg 

fcff these molecolee the {Qmlbol G — C in the formula Aiwa gnad iT»M».ti« fKa*. 
the carbon-cadbon bond has the chemical properties which have 
to be associated with a single bond between two earlxm atoms, that the 
intemudear distance of the two atoms is 1.54 A, that the Hooke’s-law 
force constant has the single-bond value, and so on. 

Hw Structure of Simide Molecules. To many molecules, however, 
it is impoanble to assign a angle valence-bond stinicture which satis- 
factorily represents the m<decule. Under these circumstances some 
new concepts and symbols might be introduced (for example, writing 

for benzene, without attempting to interpret this in terms of ain gle 

and double bonds). An alternative procedure, which has been found 
to be illuminating and practicable, is to asdgn to a molecule of this type 
more than one valence-bond structure, these structures all contributing 
to the normal state of the resonating molecule. In quantum-mechanical 
language, it is said that the wave function for the molecule is farmed by 
linear combination of the wave fimctions corresponding to the valence- 
bond structures involved. The propertira of the molecule are then those 
corresponding to the various valence-bond structures, cognizance being 
taken also of the extra stability resulting from the resonance itself. 

As an example let us consider the nitro group in nitromethane or a 

similar molecule. For this we write the formula ^ , using all 

R 

four L oibitals of nitrogen for bonds. However, there is another structure 

which is entirely equivalent to this, namely, the structore , 

R 

in which the two oxygen atoms have interchanged their roles. The two 
structures satisfy the conditions for resonance (^y correspond to nearly 
the «tme nuclear configuration), and sinoe they are equivalent they must 
contribute equally to the structure of the molecule. The molecule might 
thiOi be represented by enclosing both formulas in brackets: 



TMs Is rather faowerver, and since it is evident that both equiva- 
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test stiuotuies must be conadered only cnte is usually written, it bdoK 
understood that resonance with the other occurs. 

It is to be emphasized again thf^ in writing these two valence-bond 
structures for the molecule and sa 3 dng that it resonates between tbmn 
an effort fe being made to extend the valence-bond picture to molecules 
to which it is not strictly applicable. Thk is not required but is chosen 
as a method in the hope of obtaining a satisfactory description of these 
unusual molecules, permitting the correlation (and “understanding”) of 
the results of experiments on their chemic^ and physical properties and 
allowing predictions to be made in the same way as for molecules to 
which a single valence-bond structure can be assigned. The substance 
nitromethane is not a mixture of tautomeric molecules, some with 
one and some with the other of the two valence-bond structures written 
above. Instead, all the molecule have the same electronic structure, 
this being a structure which cannot be represented satisfactorily by any 
one valence-bond structure, but which is reasonably well represented by 
the two structures given above. The properties of the moleciile are 
essentially those expected for an average of the two valence-bond struc- 
tures, except for the stabilizing effect of the resonance energy. In nitro- 
methane the two N — 0 bonds are equivalent. Each is a bond of a type 
intermediate between a double and a single bond; it is found experi- 
mentally that the properties of such a bond (interatomic distance, force 
constant) are determined mainly by the stronger of the bonds provided 
by the individual structures, the N — 0 bonds in the nitro group having 
properties close to those of a double bond. 

It might well be asked by the chemist whether it is not then wrae to 
write for nitromethane the valence-bond structure 

1 

R 

which gives a satisfactory representation of the properties of the N — 0 
bonds. It does not seem wise to do this, for the following reasons. 
There are strong theoretical arguments showing that the maximum 
number of covalent bonds which a nitrogen atom (or other first-row 
atom) can form is four; the structure under discussion suggests that 
five covalent bonds can be formed. Moreover, the structure under dis- 
cussion provides little stereochemical informatitm — it could not be pre- 
dicted whether the groups attach^ to the nitn^sen atom are coplamur or 
not — whereas the r^nating structure combined with tiie stereochemical 
knowledge of the tetrahedral nitrogen aUnn pramits tiw oimduskm that 
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ixauis are ooitlaiiar aad that the O^N-^ bond angle has ii{q}roxi< 
matdb'^ the single bond-<louble bond value 125° 16'.* 

The assigntnent of a resonating structure to a molecule can some- 
thnes be made on the basis of theoretical arguments, as in respect to the 
nitpo ^eup just dismissed, for which the two reasonable valence-bond 
stnietuies are equivalent. In general, such an assignment should be 
supported by eicpeiimental evidence, such as that provided by chemical 
properties, resonance energies (as obtf^ed from thermochemical data, 
p. 1968), interatomic distances,'^ force constants of bonds obtained from 
Raman and infra-red spectra, dipole moments (p. 1720),^* etc. If the 
reasonable valence-bond structures are not equivalent, knowledge of the 
magnitudes of the contributions of different structures to the actual 
structure of the molecule can be obtained from sudi data. Thus for car- 


bon dioxide it is customary to write the structure : 0 = 0 = 0 : ; however, 

the observed interatomic distances show definitely that the structures 
+ •• + 

— 0: and ;0 — C^O: contribute to just about as great an extent 

• « •« 


as the double-bonded structure, and this conclusion is supported by the 
resonance energy (the great thermodynamic stability of the molecule) 
and the force constants of the bonds. For nitrous oxide, on the other 
hand, the force cmistants and interatomic distances show resonance 

between the two structures :N— =N==0: and :N=N — 0:, the structure 

4 * + •• 

iN — ^NsO: not contributing. 


:o, 


On p. 1961 the structures ' ’ and ’ were assigned 


o: :o- 




o: 


to NOj and CIO 2 respectively. Each of the molecules, of course, actually 
resonates between such a structure and the equivalent one in which the 
roles of the two oxygen atoms are interchanged. 


For the carbon monoxide molecule the two structures :C=0: and 
+ 

;CfeO: liave be^ suggested. Actually both of these contribute to the 


which we write as { :C^O:, :C=0: }, the bond resonating 
a double and triple covalent bond. The study of energy rela- 
idicates that these structures are about equally important. 

I lias bsen hjr experiment, tbs value 127* dz 3* being foimd : Brockwajr, 

I Pauling, y. Am, Chem. Sot., 17, 2093 (1933). 

I^PauUng, Proe. Jfaa, Aead. 8ei. V. 8., 18, 293 (1932). 

* Sutton, Tram. Maradau Soe., 88 , 788 (1984). 
ri Hytor and Barlow, Php$. fl«., 88, 1827 (IMl). 

» Patding, Proe. im. Aead. &»’. V. S.. 18, 498 (1982). 

** Sea Paufing, /. Am. Chem. Soe., 88> 988 (1932). 
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The carboxylic ions resonate between the two stmctures 



R 



which contribute equally because of their equivalence. In the carboxylic 
acids the two structures 


H 


. / . 


R 


H 

+ / . . 

I 

R 


are no longer equivalent, the second contributing less than the first, and 
the stabilizing effect of resonance being less than for the ion. This 
change in resonance energy, with the ion more stable than the acid, tends 
to assist in detaching the proton, and so ^ves these acids their great 
acid strength. The same result can be seen from another argument. 
The second of the structures written for the acid makes the oxygen atom 
to which the proton is attached positive in sign; it accordingly repels the 
proton, and so increases the acid strength.* 

Single bond-double bond resonance also occurs in the carbonate ion, 
the nitrate ion, urea, guanidine, the acid amides, and similar compounds, 
the carbonate ion resonating among the following structures: 


;o' 'o; 

• \ / • 

c 


0 : 


O' '"d: 
\ / • 


c 

I 

: 0 : 


-'o’’ 

• \ / 


c 

I 

: 0 : 


•f 


As another illustration of the application of the concept of resonance 
to the chemical properties of substances let us discuss the basic strengths 
of guanidine and substituted guanidines. The fact that guanidine is a 
strong base can be accounted for by either one of the two closely related 
arguments used above for the carboxylic acids. The gu ani d inium ion 
resonates among the three structures 

* An interesting series of investigations of the effect of resonance on the add stteagtha 
of lubetitiited boric adds and other substances has been carried out bjr Branch and ids col- 
laborators : Yabroff, Branch, and Almquist, J. Am. Chem. Soc., S8, 2035 (1933) ; &a&eh, 
Yabroff, and Bettman, ibid. 56, 937 (1934) ; Branch and Yabroff, ibid., 55, 2608 (1934). 



wm 

oiijQAinc caasuisrax 

* 

N 

II 

'h\/H 

N: 

N: 

II 

•• .. 

H_n/ \n— h 

1 1 

j 

H— ^N— H 

1 1 

1 

H— N^^N— H 

1 1 

I 1 

H H 

I 1 

H H 

i H 
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which are not equivalent, the first being more stable than the other two 
(it is the structure usually alone considered by the chemist) and hence 
contributing more to the actual state of the molecule, with resonance to 
the other two less important. In consequence the ion is stabilized by 
resonance more than the molecule, and the basic strength of the sub- 
stance is increased by resonance. 

It may be predicted that monoalkyl-substituted and N,N-dialkyl- 
substituted guanidines are weaker bases than guanidine itself, for the 
following reason. The replacement of one or two hydrogens of an — NH2 
group by alkyl radicals tends to prevent the double bond from swinging 
to this group, because carbon is more electronegative than hydrogen and 
hence toads to cause the adjacent nitrogen atom not to assume a positive 
charge. In consequence resonance of the double bond is to some extent 
restricted to the two other nitrogen atoms. This causes a decrease in the 
basic strength towards that characteristic of an imidine, the decrease 


bdng about twice as great for HNC<f as for HNCXT . A very 

^NR, ^NHR 

much larger ^Eect is expected for the N,N''-dialkyIguanidines. The 
groups on t|ro of the nitrogen atoms would tend to force the 

II 

•• •• 

third nito)gen atom, the structure Er— N' ^N— R 


dmilde 
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beiag more important than the otiier two. This nitrogeB atom, would 
hence have little tendency to add a proton, and the substance would be a 

would be still weakei* 

NRj 

bases, approaching the non-resonating imines still more closely. On the 
other hand, the N ,N',N"-trialkylguanidine8 may be expected to be about 
as strong bases as guanidine itself, inasmuch as the conditions for reso- 
nance in this molecule and its symmetrical ion are the same as for 
guanidine itself and its ion. These various conclusions are in agreement 
with the available experimental data; ^ guanidine, the monoalkylguani- 
dines, N,N-dimethylguanidine, and N,N',N"-trimethylguanidines are 
strong bases, whereas the N,N'-dialkylguaiiidmes are weak. 

Empirical Resonance Energies. Thermochemists have often at- 
tempted to assign constant energy values to the bonds in molecules in 
such a way that the total energy of formation of a molecule from sepa- 
rated atoms could be expressed as a sum of bond energies. It is found 
that by restricting the discussion to molecules to each of which a single 
valence-bond structure can be confidently assigned this program can be 
carried out with considerable success; a table of bond energies can be 
constructed with which energies of formation of non-resonating mole- 
cules reliable to a few thousand calories can be calculated. 

On applying this table to resonating molecules it is found that fhe 
actual energy of formation of the molecule invariably is greater than the 
calculated value] that is, the molecule is actually more stable than it would 
be if it had the valence-bond structure assumed for it in making the 
bond-energy calculation.* This result is the one required by the quan- 
tum mechanics, according to which resonance always exerts a stabilizing 
action on the molecule. The difference between the observed energy of 
formation (obtained from heats of combustion or other thermochemical 
data) and the value calculated by bond energies for an assumed valence- 
bond structure is an empirical value of the resonance energy of the mole- 

w Davis and ElderSeld, ibid., 54 . 1499 (1932). 

* See Pauling and Sherman, J. Chem. Phya., 1 , 606 (1933), for the details of this treat- 
ment. In calculating resonance energies it is for convenience only that Uie thennochemieal 
data are converted into energies of formation of molecules from separated atoms; the 
some results can be obtained by dealing directly with heats of formation from elementary 
substances in their standard states or with heats of hydrogenation reactions or othw 
reactions. Many important results regarding resonance energies in unsatuiated and sn»- 
matic compounds have been obtained recently by Kistiakowshy and his ooUaboraton by 
the direct measurement of heats of hydrogenation IKistiakowsky, Ruhoff, Smith, and 
Vaughan, J. Am. Chem. Soc., 68, 137, 146 (1936)]. The values found in this way are in 
general agreement with the less accurate values, obtainsd from heats mi combustion, 
given in Table I, the values of the resonance energy found in these two wi^ for bensene, 
for examine, being 36,000 and 39,400 oal. per mole, respectivtiy. 



tdto tffiOANtC GHSMISmY 

oidei wfaidi rescaiates betvp^een the structure assumed and ol^er sl^c- 


tuieB. 

Some empirical resonance energy values are given in Table I. It 
is seen that the values support the statements made in the preceding seo- 
tion regarding the structure of some simple molecules. For carbon mcm- 


TABLE I 

Ekpibioal Valoxb or RxaoMANoa Enxbot 


Svbnlanoe 

Betonanee ener^ The principal resonaUng structures* 

(tn ecdoriet per mole) 

CO 

68,000 

:C=0: , TCfeot 

CO, 

31,600 

: 0=0=0 : , :OsC— OT, TO — C^O: 

SCO 

19,400 

Same as for CO, 

C8, 

10,600 

Same as for CO, 

RNOO 

6,600 

R , .. R . > .. R . 4 - 

;N=C==0:, 'N=eC!— 0:, 

RCO,H 

27,600 


ROONH, 

21,000 

R— C^^." . R-C^+ 

^>N— H >N^H 

w h/ 

CO{NHO, 

36,600 

HHHHHHHHHHH H 

Xo^' XcX 
' -A -A, -A: 

RiCOi 

41,600 

Same as for urea 


39,400 

0 0 

Naiditfasleae 

74,600 

OO OO CX5 

Aeen4Atbene 

71,000 

Same as for naphthalene 

A&ilSinweiM 

104,700 

030 COO 
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*iay^|l||aWth«MiaBMM •Mter.iicdnlktod nisUTi to tfc« Snt tin itnntoni (hwu 



BSBONANCB AND MOIECDLAB SnttfCTimB 




XABLEj 

SiAstanet Retonanu energy The principal TeumaUng etnuhim 

(tn caiariet per mole) 

nteoanthrene 110,000 



Pyridine 

43,100 Same as benzene 

Quinolme 

60,400 Same as naphthalene 

Pyrrole 

U C) 

Furan 

23,000 Same as pyrrole 

Thiophene 

31,000 Same as pyrrole 

Indole 

54,000 Similar to pyrrole 

Carbaaole 

91,000 amikr to pyrrole 

Biphenyl 

8,000t etc.; 

1,3,5-Triphenylbenzene 

25,000t Similar to biphenyl 

Phenylethylene 

6,700 1 ’ 

Stilbene 

16,400 1 Similar to phenylethy 

Phenylaoetylene 

10,400t ” " ^ “ 

M ^ t e t 1 1 4 4 

Benzonitrile 

4,900t 

Benzoic acid 

4,200t " “ “ 

Benzaldehyde 

3, soot “ “ “ 

B le ft It 

Acetophenone 

7,100t 

« A ^ It It It 

Benzophenone 

10,400 1 

TT 

Fhend 

XI 

6,700t ^ 

Aniline 
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oatide, iteso&a&oe ynih. the tstaruoture :Osd: etaliilLses the molecule to 

the extent of 68,000 cal. per mole relative to the structure :C5>asaOt; 
if this resonauoe did not occur the substance would not be thermodynam- 

icaUy stable. The observed resonance energy of 31,600 cal. per mole for 

• • •• 

cathon dioxide shows that the structure :0=0=<0: for this molecule 
does not alcme repress! the molecule satisfactorily. The most reason- 

• a 

able structures to provide this resonance energy are :C^C — 0: and 
+ #• 

:0 — CfeO:, and as mentioned above, it has been verified by arguments 

based on interatomic distances that these structures are almost as impor- 
tant as the first for this molecule. Besonance of this type is much less 
important in carbon disulfide.” 

In the carboxylic adds and the add amides the resonance of the 
double bond between two positions gives rise to a resonance energy of 
about 2fi,000 cal. per mole ; and in urea and the esters of carbonic add 
resonance of the double bond among three posLtions leads to a resonance 
energy of about 40,000 cal. per mole, a reasonable value in comparison 
with the foregoing one. 

The r em a inin g values in the table will be discussed in later sections. 

THE STRUCTDKE OP BERZENE AITO OTHER AROMATIC MOLECULES 

The Structure of Benzene (p. 119). The benzene molecule is known 
from electron and x-ray diffraction studies to be a plane, the six carbon 
atoms lying at the comers of a regular hexagon 1.39 A on edge. This 

nuclear configuration is compatible with the Kekul^ structures, 

aud ^ chemist immediately writes as the most reason- 

able. These two structures do indeed mak e the largest contributions to 
the structure of the normal benzene molecule. The detailed investiga- 
tion * of the problem has shown that the resonance between the two 
Kektd€ structures stabilizes the molecule to the extent of about 31,000 
cd. ^ mole; in addition the less stable structuresf C, D, and E make a 

« Ooas and BMdtway, /. Chem. Phyt., 8, 821 (1885). 

* Of tb« two gtoentl quantum-mechanicd method* which have been applied to this 
probtom, fhemoleo^ar orUtid method and the valence-bond method, only the latter which 
is the more cloeely isiated to the usual concepts of chemistry will be discussed. See 
Bftokel, Z. Phy^^HK, l!S04 ; TS, 310 (1081) ; 78, 028 (1033) ; Pauline and Whelaud, J. Chm. 
Phv$^ U 302! (^fPr ref. 1, Chapter IV. 

t It M|ttptliAt to eaU the valence-bond structures with the maximum number of 
douMe bfMk thoMUed Umelunt, and those with a smailw number (the less important 
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small coatribotion, inoreasing the resonance energy to about 39,000 cal. 
per mole. This resonance energy makes the benzene ring about 39,000 
cal. i)er mole more stable than a ring with three non-interacting double 
bonds, and gives it its peculiar aromatic properties. 



As a result of resonance, each of the carbon-carbon bonds assumes 
properties similar to those of a double bond (except for the greater 
stability conferred by the resonance energy). Hence all the atoms in 
the molecule are restricted to one plane (as in ethylene, for example), and 
the bond angles are restricted to values near the tetrahedral angles 109° 
28' and 125“ 16'. These conditions are satisfied by the six-membered 
ring of benzene. On the other hand, the angles of 90“ and 135“ in plane 
rings of cyclobutadiene and cyclooctatetraene, respectively, introduce so 
much strain as to counteract the stabiliring effect of resonance.** 

The quantum-mechanical treatment of benzene has been found to 
provide an explanation of many characteristic properties of the sub- 
stance. On p. 1975 directed substitution is briefly discussed from this 
viewpoint. The effect of five-membered and six-membered saturated 
side rings in influencing the properties of benzene, discovered by Mills 
and Nixon,** has been shown ** to depend on a change of a few per cent 
in the contributions of the two Kekul6 structures to the resonating struc- 
ture of the molecule. 

Naphthalene, Anthracene, Phenanthrene. The three most impor- 
tant valence-bond structures for naphthalene are the following: 



'These contribute about equally to the resonating structure, the symmet- 
rical structure I being somewhat more important than II and HI. In 
addition Brnaller contributions are made by various less stable structures. 
This resonance stabilizes the molecule by 74,000 cal. per mole, giving 
naphthalene aromatic properties similar to those of benzene.** As in 
benzene, each carbon-carbon bond has properties approaching tiiose for 

** Penney, Proc* Hoy, 8oc. {LondorC}, A14A, 223 (1934). 

**Mill9 and Nixon, J, Chem. Soc*, 2610 (1039). 

** Sutton and Pauling, Trane. Parodav Soc-, 81, 939 (1935), 

^ Pauling and Wheland, J. Chem, PAya., 1, 362 (1933) ; 3hMi3ian» iZnd., S, 488 (1934). 
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a bcoul,* tile mtire molecule is planar,^ mth bond ai^bs near 

m^. 

In antiiraeene four structures 



make the largest contributions to the normal state of the molecule. 
Five structures are important for phenanthrene: 



The resonance ener^es for these two molecules are 104,700 cal. per mole 
and 110,000 cal. per mole, respectively, both substances thus having 
aromatic properties, with phenanthrene about 5000 cal. per mole more 
stable than anthracene (Table I). The additional stability of phenan- 
threne is attributed to the fact that it resonates among five unexcited 
structures rathw than four. It is found that in larger polycyclic mole- 
cules also greater stability accompanies more extensive branching, which 
increases the number of unexcited structures contributing to the reso- 
nance energy. 

It must be ^phasized that the larger resonance energy of naphtha- 
lene than of benzene does not require naphthalene to be more aromatic 
than benzene in its chemical reactions, inasmuch as the stabilizing action 
of the resonance energy is divided among five double bonds in the former 
and only three in the latter molecule. In general it is necessary to con- 
sidCT the resonance energy of the products of reaction also in discussing 
chemical prop^ies of resonating molecules. Thus on hydrogenating 
beoxeae to 1,3-eyclohexadiene (with about 6000 cal. per mole resonance 
esa&gy of conjugation of the two double bonds) there is a loss of reso- 
nance energy of about 33,400 cal. per mole, whereas the loss on hydrogen- 
atim of naphthalene in the l,2-po8itions is only 29,200 (aasuming 6000 
caL mole enmgy of conjugation of double bond and benzene ring in 
1,2-^ydronaFhthalene), In consequ^ce naphthalene may be expected 
to be more eas£^ hydn^enated than benzene. * A very simple treatment 

** RoberlM^ Broe. B«y. Soc, (London), A14S, 874 (1933). 

* For • ditaitod WMtmoat of hvdrofanotion, aae Fwilioa and Bhemua, J. Chmn 
1. S7fflS8a». 
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of boixd character in aromatic faydrocarbona which leads to conduaums 
in general agreement with the known chemical properties of the sub- 
stances can be made on the basis of the unexdted structures of the mole- 
cules. By examinmg the unexcited structures of an aromatie hydro- 
carbon we may assign to each bond a fraction repres^iting its double- 
bond character, this fraction being the ratio of the number of structures 
placing a double bond in this position to the total number of structures. 
This gives the following results: 



d cc 

Benzene 2TBi>hthaIene 



Anthracene Pbenanthrene 

In benzene each bond has one-half double-bond character, whereas in 
naphthalene the 1,2-bonds have two-thirds and the 2,3-bonds one-third 
double-bond character. These numbers cannot be given a simple quan- 
titative interpretation in terms of chemical reactivity; they do demand, 
however, that qualitative relations be satisfied. The 1,2-bonds in 
naphthalene must be much closer to ordinary double bonds in their 
properties than are the benzene bonds, which in turn are much more 
like double bonds than are the 2,3-bonds in naphthalene, the last, in- 
deed, having practically no properties of a double bond. These state- 
ments are in agreement with general chemical experience. Various 
coupling reactions of naphthalene involving the 1,2-positions show the 
1,2-bonds to have, to a pronounced extent, the properties of a double 
bond, whereas the 2,3-bonds show no such properties.” 

The 1,2-bonds in anthracene have a still more pronounced double- 
bond character,’* which in turn is exceeded by that for the 9,10-bond 
in pbenanthrene. Tins explains the fact that pbenanthrene (despite 
its greater thermodynamic stability than anthracene, consequent to its 
greater resonance energy) is more reactive than anthracene. 

The activity of anthracene in the 9,10-po8itions cannot be discussed 
in this way. Instead we may consider the fraction of the number of 
unexcited structures for the product of an addition reaction at these 

” Fiessr and Lotiiiop, Hid., 67, 1459 (1935), and eaiUer t^eraaoes quoted \iy them. 

** Fieeer and Lothrop, ibid., 68, 749 (1930), and refereDoee quoted by tbem. 
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pe(ii^tkimme(mipiaiBoa.mihoti»erpom1iaaB. Fortbe9,10-podtiwatl)ere 
tafetmr, 



for tiw 1,2-positionB three, 



and for the 2,3-positions only one. 


A large reactivity of anthracene toward addition reactions (and other 
reactions which involve these as intermediates) in the 9,10-po8itions is 
accordingly expected; smaller reactivity in the l,2-position8; and negli- 
gible reactivity in the 2,3-poaitions. This is in agreement with experi- 
ment. 

Heterocyclic Molecules. The resonance energies of pyridine and 
quinoline are about the same as for benzene and naphthalene, respec- 
tively, the same valence-bond structures contributing as for these mole- 
cules, and the aromatic character consequently being just as pronounced. 

In pyrrole, furan, and thiophene, with resonance energies in the 
neighborhood of 20,000-30,000 cal. per mole, the structures other than 




*( 

H 


which make the largest contribution are of the types 


I I /H 
A 
H'' 

H 




Hv r; /H 

x; 

II I 

I 

H 


tihe unshared electaon pair resonating among all the atoms of the ring. 

staitctures also conlaibute in indole, carbazole, and other hetero- 
(grdic eompouiujb, ^ving rise to rescmance energies about the same 
rnagnitudem fot aromatie hydrocarbons with the same number of lings. 
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Orientation of Substituents in Aromatic Moleetdes.* Wben a mib> 
stituent is introduced into an aromatic molecule it may ^ter into ceaw 
tain of the available positions more readily than into others. This phe> 
nomenon has been exhaustively studied, and empirical rulee have be^ 
found which describe the experimental results fairly satisfactorily ^p. 
174). Thus in a monosubstituted benzene CeHsR the groups R >= CHa, 
F, Cl, Br, I, OH, NH2, etc., are ortho-para directing, and R »= CO3H, 
CHO, NO2, N(CH3)3+, etc. , are mela directing. Most ortho-para direct- 
ing groups activate the molecule so that substitution takes place more 
readily than in benzene itself, and most meta directing groups have a 
deactivating effect. In naphthalene, substitution occurs at the o-pori- 
tion, in furan, thiophene, and pyrrole at the a-position, and in pyridine 
at the ^position, all these molecule except pyridine being more active 
than benzene. 

During the last fifteen years a qualitative theory has been developed t 
which accounts satisfactorily for the phenomenon in its major features, 
and recently a quantitative treatment based on quantiun mechanics has 
been carried out,““ with a degree of success which provides strong support 
for the theory. 

The theory is based on the consideration of the distributioa of elec- 
tric charge (the electron distribution) in the molecule in which substitu- 
tion is taking place. In a benzene molecule the six carbon atoms are 
equivalent, and the charge distribution is accordingly such as not to 
make one carbon atom different from another. In the molecule CqHsR, 
with R attached to carbon atom 1, the electron distribution will in gm- 
eral be affected by the group R in such a way as to change the charges 
on the ortho (2 and 6), meto (3 and 5), and para carbon atoms. More- 
over, the electron distribution may also be changed somewhat on the 
approach of the substituting group R' to one of the carbon atoms 
(“polarization” of the molecule by the group R') ; in benzene the polariza- 
tion of one carbon atom by the group would be tiie same as for another, 
but in a substituted benzene the polarization would in general vary 
from atom to atom, and so might cause a difference in behavior of 
different positions. The fundamental postulate of the theory of orientar 
tbn of substituents is the following: In an aromaiic moleade undergoing 


subatUidion by the group R', the rate of substitvium of R' for hydrogen on 


* The diaeiuaion in this section refers to gubatitation reactions inTtdving the more 
oommon (oationoid) reasents. 

t M.ny TOrkers, including Fry, StiegUts, Lapworth, Lewis, Lucas, Lowry, Robmaon, 
and have contributed to the theory. For an excellent review see Ingold, Chent. 

EWy 1», m (1984). 

» WheUoid and Pauling, J. Am. CAm, Soc., ST, 8080 (1988) ; SM also Ri and Eysina 
/. Chem. Phvt., 8, 433 (1940). 
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^ mr&on atom imsreases wiA increase in the negative dtarge on the 

eea^Mm atom v^nen (he group R' approaches it. 

Substiteition k thiis assumed to ta^ place preferentially on that car- 
bon atom on which the negative charge is the largest. There are two 
principal ways in which the charge distribution can be affected by the 
^xnip R, for each of which it has been assumed, and has been verified by 
quantum-mechanical calculations,* that the ortho and para carbon 
atoms are about equally affected, the meta carbon atoms being affected to 
a much smaller extent. 

The first effect of the group R, called the inductive effect, results 
whenever the electron affinity of the group is larger than or smaller 
than that of hydrogen. In the former case electrons are attracted to the 
group and to the attached carbon atom 1 ; calculation shows that they 
are removed mainly from the ortho and para carbon atoms, t Conse- 
quently the rate of substitution at the ortho and para positions will be 
greatly decreased and that at the meta positions somewhat decreased; 
the group R will be meta directing, with deactivation. An example of 
such a group is N‘’'(CH3)3, in trimethylphenylammonium ion; the nitro- 
gen atom has a larger electron afihiity than hydrogen, and its attraction 
for electrons is further intensified in this case by its positive charge. 
The same effect is seen in pyridine; the nitrogen atom attracts electrons 
mainly from the a~ and -y-carbon atoms, and consequently pyridine sub- 
stitutes in the d-positions, and is less active than benzene. Toluene 
shows the opposite rffect. Electric moment measurements show that the 
methyl group loses electrons to the ring; these go mainly to the ortho and 
para carbon atoms, which are thus activated, toluene substituting in 
these positions, and substitution occurring with greater ease than in 
benzene. 

It might be expected that F, Cl, Br, I, OH, and NH2 would be meta 
directing, inasmuch as these groups all have larger electron affinities 
than hydrogen. Actually they are all orUwpara directing, the inductive 

* WbeUnd and Ptauling, loc. dt. Thia was fint abown, for tbe inductive effect alone, 
lay Hfickd, Z. Phytik, TZ, 310 <1831). 

t llus teeult can be aeen from the following qualitative argument. An ezoeas negative 
dtaige attracted to ear’bon atom 1 ia accounted for by raaonanoe to ionic atruoturea in 
which thia atom has an unahared pair. There are only three unexcited ionic strueturea of 
thia type, 



-H 


amd they ootraspond to removing daotrons equally from the two orlho atoms and the para 
atom. The wwto atotwt ramain naaffeatad so long aa the aoc^tod ionic atracturaa are not 
eonaidaFsd.* th^ effect would be amalL 
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effect for them being overcome by another effect, called the res&rumce 
^ect (or sometimes the tauUmeric or electromBric e^ed, p. 1845 ). For the 
molecules considered in the preceding paragraph a coni^eration of reso- 
nance was not needed, except to the same extent as in benzene itself. 
If the group R possesses an unshared pair of electrons, however, other 
structures make an appreciable contribution to the normal molecule.* 
Thus the structures 


x+ x+ x+ 



in which the unshared pair resonates to the ortho and para positions are 
X: X: 

almost as stable as possessing three double 

X+ 


bonds. (Excited structures such as: _ f , | , with two electrons not 


involved in a bond between adjacent atoms, are much less stable and 
need not be considered.) These three additional structures increase 
the electron density on the ortho and para atoms, and so make the groups 
ortho-para directing, the resonance effect being more significant than 
the inductive effect. 

In benzaldehyde and many similar molecules, on the other hand, 
resonance directs toward the meta positions, this effect of resonance 
resulting whenever the substituted group R contains an electronegative 
atom and a double bond conjugated with the benzene ring t (R = CO2H, 
CHO, NO2, COCH3, CN, etc.). The structures leading to this effect 
are of the type 

“Xc/’' =\c/‘’' 



• The contribution of theee structures to the resonance energy amounts to about 6000 
cab per mole (Table I, phenol and aniline). 

t The resonance energy of this conjugation amounts to 6000 to 10,000 oal. per mole 
(TaUe I). 
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(S«C!i«a8e tbe deetron deornty k the er(Ao aod jmra poatioas, thus 
: reactiou at the meta postioDSi (The coQtrilmtioii of excited 




stractoree such as 



is small because of their instability; it suffices 


to produce some deactivation, however.) 

So far only the permanent chai^ distribution, as influenced by the 
inductive and resonance effects, has been discussed. The discussion for 
a monosubstituted bena^e can be summarized as follows. When reso- 
nance does not occur, substitution is usually determined by the inductive 
effect, an electron-attracting group (N'''(CH 8 ) 8 ) being meta directing 
and an electron-repelling group (CS 3 ) oriho-para directing. The reso- 
nance eS^, which when present is usually more powerful than the induc- 
tive effect, is meta directing when the group contains a double bond con- 
jugated with the benzene ring, and ortho-para directing when the group 
contains an unshared electron pair on the atom adjacent to the benzene 
ring. 

In a few cases (naphthalene, for example) it is necessary to consider 
also the polarization of the molecule by the attacking group; as yet no 
general qualitative rules have been formrilated regarding this effect, 
though some quantitative calculations have been carried out. The effect 
can be treated qualitativdy by the consideration of the number of 
unexcited ionic structures placing an unshared pair on the carbon atom 
bring attacked. For the a-porition of naphthalene there are seven: 



+ 

luod for the /9-porition only six: 
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hence the polanzation by the attacking group will be grater for the 
position, and substitution will take place there. The same argument tw* 
be applied to phenylethylene, which is ortho-para directmg. Its zero elec- 
tric moment shows that the vinyl group has no pronounced difference in 
electron aflSmty from hydrogen, and so will produce no inductive ^ect, 
and calculation shows that there is no resonance effect (which depends on 
the presence of an electronegative atom as well as of riie double bond). 
However, polarization is greater in the ortho and pora positions than in 
the meto positions, the former having four unexcited ionic structures, 
such as the following for <yrtho: 



and the latter only three: 



+ 


The Hydrocarbon Free Radicals (p. 581). The modem theory of 
the stability of the aromatic free radicals is based on resonance.* In- 
crease in the degree of dissociation of a substituted ethane, R 3 C — CR 3 , 
might result either from a decrease in stability of the undissociated mole- 
cule or an increase in stability of the products of dissociation, the free 
radicals R 3 C. For the hexaalkylethanes, which do not dissociate easily, 

the electronic structure R — C — C — R is written, and for the correspond- 

r/ ^R 

N 

ing free radical the structure R— <3 • , the odd electron (free valence) being 

r/ 

located on the methyl carbon atom. The introduction of an aryl group 
as a substituent R, however, provides additional structures for the racfi- 
cal; it is principally the energy of resonance among these which stabilizes 
the free radical and increases the degree of dissociation of the substituted 
ethane. 

* Tha idea waa developed empirically by Burton and Ingcdd, IVoe. Laeia PktL Lit, 
See. Sei. Se«e., 1, 421 (1929) ; ln«old. Ann. Reptt. Chem. See. iLondon), U, 1S4 (1B2S), 
and was put on a quantitative basis by the quantura-^seebalriad ealOUlaliasiB ci Roditic 
and Wbaland, J. Cham. Phv»., 1. 362 (1933), and HUoksl, Z. Pkytikt 83, 632 (1933). 
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Fm dmpikaty, Hie molecule CeHaCHa— CHaCaHs, «y»wiiphesQyl- 
etlieae, may be cmisidered, and the discussion of resonance may be 
restricted to the structures with the greatest stability (those with the 
laanmum number of double bonds). For the undissodated molecule 
there is resonance among the four Kekuld structures, 



H, H, 



whereas each of the free radicals can resonate among the five structures: 



If the radical were restricted to resonance between the Kekul4 structures 
A and B, with the frdfe valence on the methyl carbon, resonance would 
stabilize the radicals to just the same extent as the undissociated mole- 
cule, which would then have only the same tendency to dissociate as a 
hexaalkylethane. But actually the five structures A, B, C, D, and E 
(each with three double bonds) contribute about equally to the structure 
of the radical, which thus resonate among five structures (instead of 
two), and is accordingly stabilized by the additional resonance energy, 
which is found on calculation to be about 15,000 cal. per mole. 

The effect of two phenylmethyl radicals in decreasing the energy of 
dissociation by about 30,000 cal. per mole is not large enough to cause 
dissociation to an appreciable extent, inasmuch as the energy required to 
break the carbon-carbon bond in ethane is of the order of magnitude of 
85,000 cal. per nmle. In triphenylmethyl, however, the odd electron 
i»n resonate among tone positions (the orlho and para positions of the 
three idrenyl groi^) in addition to that on the methyl carbon atom; 

kads to an additional resonance energy of about 38,000 cal. per 
mole, so that two such radicals staUlize the system by an amount 
(76,000 cal. per suffident to decrease the dissociation energy to 
cndy a few thouapp clones per mde, resulting in extensive dissociation. 
In trib4>baa^ki[^yl, in which the odd electron resonates mnong nine- 
teen poe a^yE- the (fiasodating effect is still larger, the additional reso- 
Bince about 44,000 cal. pear mole. 
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The quantum-mechanical discussion has been carried out by two 
distinct methods, the results of which are in essential concordance.*® 
The detailed agreement with experiment in regard to such fine points as 
the greater dissociating action for a- than for jS-naphthyl and for two 
phffliyls than for fluoryl leaves little doubt that resonance of the odd 
electron (free valence) among several positions in the radical is the 
principal influence stabilizing the free radicals. It is also probable that 
other factors, such as the steric effects of the large groups, have a con- 
siderable influence in increasing the degree of dissociation. * 

The positive and negative free radical ions have about the same possi- 
bilities of resonance as the free radicals themselves, the positive or 
negative charge (the latter being an unshared pair of electrons) reso- 
nating among the same positions as the odd electron; so that for all 
free radicals about the same values of the ionization potential and the 
electron aflhnity may be expected.” This conclusion is in agreement 
with the experimental results obtained "by Bent,” who has found values 
of about 60,000 cal. per mole for the electron affinity of several different 
free radicals. 

The Color of Dyes, f It has been gradually recognized that the in- 
tense color of the triphenylmethane dyes and of other dyes whose consti- 
tution is well understood is closely related to resonance. Baeyer " sug- 
gested that in p,p'-diaminotriphenylcarbinol hydrochloride (Dobner’s 
violet), for example, the color is due to the oscillation of a chlorine atom 
from one end of the molecule to the other. 



With the recognition of the ionic character of the bond to chlorine, this 
suggestion was revised by Adams and Rosenstein,” who correlated the 
color with an oscillation of an electron: 



• meUnd, J. Chem. Phys., Z, 474 (1934). 

* For a disoussfoQ of these points see Wheland, Md., >, 474 (1934) j Bent and Ebets, 
/. Am. Chm. Sac., «7, 1342 (1935) ; and Preokel and Selwood, ibid., S3, 3397 (1941). 

“ Wheland, lac. cii.; Pauling and Whaland, J. Cham. Pkp*., 3, 315 (1935); Bylleraas. 
ibid., a. 313 (1935). 

» Bent, /. Am. Chem. See., BS. 1498 (1930) ; 63, 1780 (1931). 

t Bury, ibid., 67, 2115 (1935). We have extended Bury'e discuasion vitb the aiauMDt 
given in the second paragraph. 

<* Baeyer. Ann., 864. 152 (1907). 

” Ariams and Roeenstein, J. Am. Chem. Soe., 36, 1473 (1914). 
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tile toodem point erf view intense color is tiieiesult of a traosi* 
ti<m ^ the mcrfeoale from its normal electronic state to an excited elee- 
ttoaic state, adth abmrption of li^t, the transition havitm a very 
prolmbility if the electric-moment matrix element associated with 
it is large. Now the two valence-bond structures A. and B repres^ted 
above are equivalent; hence neither one represents the normal state of 
the molecule, which instead is represented by a combination of the two. 
There is also another combination of the same structures which repre- 
smts an exdted state of the molecule. Now it can be shown that the 
electric-moment matrix element associated with transition between 
these two states is very large, by the following argument The nega- 
tive km may be oemsidered to be near the center of the molecule.* 
Then structure A otnreeponda to a very large dipole moment (p. 1752) in 
one direction and B to the same moment in the other direction. The 
actual molecule in its normal state and the excited state under considersr 
tion wUl have eero moment however, because with equal resonance be- 
tween A and B thdr mom^ts neutralize each other. It can be shown 
by quantum-mechanical methods that under these circumstances the 
eleotrio-moment matrix element associated with the transition between 
the normal and the excited resonating state has the same magnitude as 
the moment associated with structures A and B, and is hence in this case 
very large; consequently the substance is very deeply colored, with the 
absorption of light corresponding to this electronic transition. The 
results of this argument can be summarized by saying that intense color 
results fixwtn resonance between two equivalent or nearly equivalent 
structures with which a large dipole moment is associated (the actual 
electronic transition being between resonating structures formed from 
these). 

Nitrogen and oxygen atoms are important in dyes in order to intro- 
duce the large electric moments. The structures which by r^nance ^ve 
the normal and Significant excited states for some dyes are listed below. 

The anion of baizauiin: 




C,H, , 


\==/ I •• 

C,H, 


sMumintioa i* Ju>t)tfMeMKrr. bat AmpUSM ths argument. 
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The cation of acridine orange: 




The dimethylpyronium cation: 



The development of a modem theory of the color of dyes is progress- 
ing rapidly at present; for information the reader is referred to recent 
papers."’ " 
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A 

Abnormal addition, bisulfite to olefins 
890 

sulfur compounds to olefins, 851 
tbioacetic acid to olefins, 9% 
to unsatumted hydrocarbons, 41-43 
47 

Abnormal reactions of Grignard reagents, 
1003, 187fr-1881 

Abrine, 1227-1228 

Abrodil, 904 

Absorption spectra, 1774-1794 
anthocyanidins, 1326 
infra-red, 1778-1783 
detection of chelation, 1778-1783 
relation to resonance, 1786-1794 
usefulness, 1794 

visible and ultra-violet, 1783-1794 

Acetaldehyde, polymerization, 653-654 

Acetals, equilibrium and rates in forma- 
tion, 1046-1048 
formation, 653 
hydrogenolysis, 822-823 
of sugars, 1578-1579 

Aoetoacetic ester method of Dieckmaim 
for formation of alicyclic com- 
pounds, 89-91 

Aoetohalogen sugars, preparation, 1573- 
1574 

structure, 1673 

Aoetomesitylene, metallic derivatives, 
518 

Acetone and but^ alcohol fermentation, 
1661-1662 

Aortanitrogjucose^ 1574 

AeetyleBie, addition of hydrogen fluoride, 
947 

dimerisation, 658 


Acetylenes, addition of alcohols, 668 
addition of organic acids, 658 
addition of water, 658 
electronic theory of addition to, 1907 
Acetylene tetrachloride, reaction with 
antimony fluoride, 949 
Acetylenic linkage, 657-658 
ozonolysis, 667 

Acid anhydrides, hydrogenolysis, 823 
Acid chlorides, rates of reaction with 
alcohols, 1055-1057 
reduction to aldehydes, table of, 809 
Acidic hydrogen, 533-538 
Acidities, of organic compounds, 1035 
relative, 533-538 

Acid rearrangements of sugars, 1638- 
1639 

Acids, see under individual members 
alicyclic, 110-111 
definition, 1858 
doubly unsaturated, 697 
fatty, direct fluoiination, 946 
inorganic oxygen, addition to etbylenic 
linkage, 639 
strength, 1034-1035 
unsaturated, tautomerism, 1042, 1043 
a,fi-unBaturated, 681-685 
^, 7 -anBaturated, 684 
■y,a-unsaturated, 684 
vwy weak, 533-634, 1035 
Aerate polymers, 760-753 
Acrylic acid derivatives, polymmizatitm, 
750-763 

Activated charcoal as siq^rort for 
palladium catalyst, 786 
Activated complex in leanaagements. 


Acetylenes, see Alkynes 
addition of acid chlorides, 658 


1028-1029 

Activating effect, of sulfone groi^ 881, 
885 

of sulfoxide group, 885 
of unsaturated ^ttupe, 688 
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3^ 

iketivaliim ^ or^uunnettaHio oampoaadB, 
Xdlratoohmoioa}, fi44-£45 
Aetivation theory, 

Aotive hydrogen, SS3-SS& 

Active mdeeules in rearrangonents, 976, 
980 

Acyelie sugar structures, 1576-1581 
A<yl aades, rearrangemait, 977 
Aeyl fluorides, 83 rntheais, 943 
Acylpyrrcks, rearrangement, 976 
Addition pt^ymerisatioa,. 739-777 
mechanism, 771-777 
Addition polymers, definition, 702 
Addition reactions, dienes, 1913-1919 
dimmizing of olefins by inetale, 627, 
646 

dectronie theory, aoetytenes, 1907 
carbon monoxide, 1907-1908 
diazOnium eationa, 1907 
isoeyanides, 1907-1908 
defina, 1904-1906 
free radicala, 598 
hypohalous acids to d^na, 1925 
metals to definio linkage, 626-629 
organometallic ccunpounds, 498, 500- 
607, 511-612, 615, 628, 628-629, 
646-646,660 

to definic linkage, 626, 528-629 
sodium to define, 626-629, 1932 
1,4-Addition, ae rearrangement, 1001- 
1002 

diene syntbesia, 686 
hydrogen cblaiide to vin^aoetylene, 
1002 

medianiam, 1882 

organametaUic eompounda, 606-607, 
611, 646, 640 

to conjugated ayitema, 666-067 
to cyctie double bonds, 673 
to dienes and enynee, 667-A70 
to 1,2-diketoneB, 671 
to hog eonjogated eystema, 693-699 
to polyenes, 686-087 
to uasatuiated aeids and eatere, 681 
to uDsatuiated alddiyden and ketones, 

m-eeo , 

1,0-Additioa, to long conjugated systems, 
093-694, «07-«Oe 
topoly«at,088 


1,8-Addition, in reduetkma, 094 
Additive properties, definition, 1722 
Adrend subataaoea, 1610-1625 
oSopregnane group, 1614-1619 
assay, 1511 
isolation, 1611 

A^-pregnane group, 1519-1624 
principal mmnbets, 1612-1613 
atruoture and phyaidogical activity, 
1626 

Adrenoeterone, 1616, 1620, 1624-1626 
Adynerigenin, 1443 

Affinity of groups, relative, in reairange- 
ments, 977 

Agluoona, see Cardiac agluoons 
anthoc}renidiDa, 1316 
Agnosterd, 1392 

Alcoholic fermentation, mechanism, 
1664-1660 

sugars utilized in, 1664-1656 
Alcohols, competitive reaction with 
phenyl isocyanate, 1069-1070 
esterification by hydrogen fluoride, 947 
fornmtion by hydrogenolyaia of eaters, 
827-831 

hydrogenolyaia, 820-821 

optically active, rearrangNnent, 1000 

pdymerio, 737 

rates of reaction with acyl chlorides, 
1066-1067 

rearrangements, 1012, 1023 
Alcobolysu, equilibria and mtee, 1044- 
1046 

Aldehyde hydrate, 666 
Aldehyde-pbend pdymere, 731-732 
Aldehyde reeins, 650 
Aldehydes, addition of organometallic 
compounds, 600 
catalytic reduction, 808-805 
from add chlorides, taUe of, 809 
hydrogenation, table of, 803 
QxidaftioB, 665^-667 
pdymera trf, 767-770 
reaction with hydrogen cyimide, 1036» 
1038 

reaction with mercaptaru, 849 
reaction with solfink actda, 918 
reaction with gulf o namides, 908 
reanaagniMOta, 971 
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Aldehydes, redaction, 643-644 
by Gtigmfd reagents, B02 
«,^un8aturated, 672-681 
oWeAydcwl-Glaooee pentaacetete, prep- 
aration, 1575 

aldehydfhSvgKt acetates, 1575-1681 
Alde^Stein rule, 1376, 1440 
Aldimioes, 668-^9 
catalytic reduction, 812 
Aldohexoees, 1533 
Aldoluation, 650-652 
involving nitro group, 662 
retrograde, 1122, 1124 
Aldonie acids, lactomration, 1538 
preparation, 1637-1538 
Aldopentoeee, discovery, 1635 
Aldonmes, rearrangements, 1026 
syn-atUi forma, 465 
Alicyolie acids, 110-111 
ALcyclic bicyclie compoimds, isomerism, 
114-116 

Alicyclic compounds, and theory of 
atrain, 66-116 

formation by cydization, 74-96 
methods of opening ring, 101-103 
naturally occurring, 70-73, 106 
unaaturated, 111-114 
Ahoydic oxidea, contraction in Grignard 
reaction, 612-514 

Aliphatic compounds, theory of strain, 
65-116 

Aliphatic diazo compounds, addition to 
unsaturated esters, 682-683 
meeomeric effects, 1913 
Aliphatic halides, redistribution, 1810 
Aliphatic hydrocarbons, see under t?»- 
dtndunl members 
reactions of, 1-64 
AUmdienre, see Dienes 
additicm of halogens, 44 
isomerisation, 6-7 
polysreriantion, 14 
Bubetitation reactions, 44 
Alkeli alkyls, electronic structure, 1884- 
1886 

Alkali bisulfite, addition to ascnnetbines, 
669 

«&liti<m to carbonyl compounds, 645- 

646 


Alkali Ineulfite, odditimi to etbylmiis 
linkage, 642 

addition to olefins, 890-801 
addition to unsatumted aldehydes and 
ketones, 677-678 
Alkali cellulose, 1669-1672 
aging, 1672-1673 
instability, 1671 

Alkaline rearrangmnents of sugars, 1640- 
1646 

Alkaloids, 1166-1268 
angostura, 1208-1209, 1264 
anhalonium, 1209-1211 
areca nut, 1184-1186 
belladonna, 1194-1198 
betel, 1184-1186 
biogenesis of, 1252-1267 
calabar bean, 1230-1234 
castor-bean, 1186-1187 
cinchona, 1202-1208 
coca, 1198-1202 
ergot, 1243-1248 
Esfire bean, 1230-1234 
hannala, 1228-1230 
hemlock, 1178-1180 
hydrastis, 1211-1216 
hygrine, 1188-1190 
jaborandi, 1248-1250 
mescal, 1209-1211 
morphine, 1221-1227 
opium, 1216-1227 
pepper, 1180-1181 
pomegranate, 1181-1184 
reagents, 1168-1169 
steroid, 1467-1468 
structure determination, 1170-1176 
strychnos, 1236-1243 
tobacco, 1190-1193 
yohimbe, 1284-1236 
Alkanes, a&ylation, 19-20, 23 
dealkylation, 20 
dehydrocyclization, 28-30 
direct fiuorination, 946 
halogenatioa, 32, 34-36 
isomerizatirm, 2-3 
nitration, 48-51 
oxidation, 66 

Alkapolyenes, isomorioatkm, 8 
Alkenes, see aim Olefins 
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at bydrt^gra luSdes, 39-43 
additioa of nitrio add, 61 
aid<£ti(»i of oitn^ea (sides, 62 
eataljrde reductioB, 7V7-S02 
(teiiydnxToUaatioQ, 28, 30 
halqgenatitMi, 40, 43 
faydnttion, 61 

hydragenation, fable oi, 800 
iaommsatiooL, 4-5 
mtration, 61-53, 176-178 
oddation, 69 
polymerization, 12 
Bobedtution teactions, 36-37 
Bulfonation, 177-178 
Alkenynes, substitution reactions, 45 
Alkyd resins, 714 

N-Alkylanilinea, Tearrangement, 995 
N-Alkj^ilininm salts, rearrangement, 
695 

Alkylation, mechanism, 21-24 
of alkanes, catalytic, 19-20 
thermal, 23 

of amines, 1233 footnote 
Alkyl bromides, and pyridine, com- 
petitive reactions, 1064-1066 
rates of reaction with piperidine, 
1067-1068 

tert-Alkylcarbinols, rearrangements, 
1023 

Alkyl chlorides, rates of reaction with 
metallic iodides, 1053-1066 
Alkyl halides, and silver nitrite, com- 
petitive reactions, 1065-1066 
dire(d/ flucoinatiosi, 946 
(yptmally active, rearrangement, 968 
Alkyl phenyl etbras, rearrangements, 
907, 1023 

Alkjdpyrroies, mumngemesit, 976 
A&yl radieds, 613-615 
eSset on stability at 0 (»apounds, 1063 
C-AQcylstilbestids, 1485 
A^d sulfuric adds, 640 
IT-AJkyltestostercHies, 1497 
AOcyixaathyis, 608-609' 

AJkyues, see AcMjdims 
•d^t^ flumidfi, 947 

additw^rli^dAjeen halidsB, 47 
csiMjdKeduetioa, 802-603 


Alkynes, halogmudaoD, 46 
istanmisation, 8-0 
nitration, 63 
oxidation, 62 
polymerisation, 18 
substitution reactions, 46 
Allenes, 662-663 

mechanism d addition to, 1911-1914 
optical isomerism, 337-340 
reanangement, 663 
dUochcdanic acid, 1412 
formation, 1350 
AUocholeBterd, 1393-1394 
i dQoisolitbobilianic add, thermal decom- 
position, 1369-1370 
AUolitbobilianio acid, 1420 
thennal decomposition, 1369-1370 
AUomerization of chlorophyll, 1304-1305 
AKopregnane, 1489 
ASopregnane derivatives, 1490 
A/lopregnanediols, 1491 
AQopregnanediones, 1493, 1494 
AUopregnanetrioIs, 1493, 1494 
AUopregnanolonee, 1491, 1493 
Ailopregnenediol, 1617 
AUopr^nenediones, 1493, 1494 
Allopseudocoddne, 1222, 1223 
AUylic rearrangement, 1004, 1006, 1018 
in 1,4-addition, 1915 
mechanism, 1880 
l-Allyl-2-napbthol, 149 
Adyl-^naphtbyl ether, 149 
o-^lylphenol, 189 

Ally! phenyl ethers, mechanism of rear- 
rangement, 1882 
AUyltestosterone, 1522 
Aluminum alkoxide, use in reduction, 
676 

Aluminum chloride, structure, 1876 
Aluminum compounds, «es Organoalum- 
inum compounds 

Aluminum isopropoxide, use in reduc- 
tion. 677 
Ameripol,760 

Amides, hydrogenolyBiB to amines, 831- 
833 

optically activs, rearrangement, 083 
Amine oddes, (^AmsI iscmeiism, 417- 
419 
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Amines, alkylation, 1233 footnote 
aromatic, aldehyde condensation, 201 
C-alkylation, 201 
coupling, 101, 192 
preparation from sulfonic acids, 894 
reactions of, 185-202 
competition with phenyl isocyanate, 
1060-1070 

coupling of tertiary, 196 
diazotisation in hydrofluoric acid, 950 
formation by hydrogenolysis of 
amides, 831-833 
Hinsberg test, 898-899, 900-901 
methylation, 1189 footnote 
reaction with unsaturated aldehydes 
and ketones, 679 
secondary, synthesis, 660 
tertiary, attempts to resolve, 403-404 
Amino acids, acylation, 1092 
amphoteric character, 1095 
analysis, 1090, 1092, 1126, 1134, 1142, 
1149 

carbobenzoxy, 1117 
chemical reactions, 1090 
classification, 1081-1082 
configBration, 1085-1087, 1118 
deamination, 1101-1102 
decarboxylation, 1091, 1097, 1156 
dipolar ions, 1088-1090 
electrophoresis, 1080 
esterification, 1090 
formaldehyde titration, 1087, 1096 
formation of polyamides from, 722-724 
general properties and reactions, 1085- 
1104 

indispensable, 1083, 1162 
isoelectric point, 1087-1088 
natural, 1079-1165 
optical activity, 1085-1087 
CNCidation, 1100-1102 
preparation, general methods, 1104— 
1109 

raoemization, 1093-1096 
Raman spectra, 1089 
reactions, with aldehydes, 1090-1098 
with a-keto acids, 1097 
with mtroUB acid, 1091 
with quinonfs, 1097, 1098 
naohiUon, 1109 

Vohime I. 


Amino adds, sCpmation, 1082-1083 
sdubility, 1087 
synthesis, 1104r-1108 
titration, 1087, 1090, 1006 
Amino alcohols, optically activej re- 
arrangement, 987-9S8 
Aminocellulose, 1683 footnote 
Amino condensation products of sugars, 
structure, 1679-1680 
a-Amino-(9-hydroxybutyrie acid, 1123 
Amino sugars, 1613-1617 
Ammines, chelate derivatives, 1876 
organometallic, 553 
Ammonia, reaction with unsaturated 
carbonyl compounds, 679 
Ammonia system, see Liquid ammonia 
reactions 
Amolonin, 1456, 1457 
Amylene oxide sugars, definition, 1666 
Amyloid, 1695 
Anabasine, 1193 

Androgenic hormones, 1498-1610 
assay, 1498 
bisex^, 1509 

conversion to estrogens, 1608 • 
isolation, 1499, 1602-1603 
male, 1509-1510 
physiological action, 1508-1610 
principal members, 1500-1501 
related compounds, 1500-1501 
stereochemistry of the hydroxyl 
groups, 1504—1506 

structure and physiological activity, 
1508-1510 
testosterone, 1503 
transformation, 1505-1608 
fc-ALAndrostane derivatives, 1610 
Androstanediol, 1509 
Androstanedione, 1502 
A^-Androstenediols, 1502, 1504, 1609 
from dehydroandroeterone acetate 
1504 

spatial configuration of hydnatyl 
groupe, 1604 

A^-Androetensdione, 1502, 1610 
from testosterone, 1503 
reduction to teetoeterone, 1529 
Androsterone, 1499, 1602, 1604, 1609 
preparation from ehctoiteiral, 1500 
Volume n, pages 1079-1983. 
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laos^ma, 12M 
Anhalan^, 1210-1211 
AdhaluiiDe, 1210 
AnluUiiMs 1210 
AnhitliwiiM^ 1210 
Anhalonidine, 1210 
Aabalonine, 1210 
Anhalonium alkaltads, 1200-1211 
Aaltydridea, ftoljnnerio, 735 
AnhydroBtropbimthidiiis, 1440, 1442- 
1443 

Anhjrdro sugus, 1617-1623 
butykne cndde type, 1621 
ethjilaie oxide type, 1613-1621 
prop^eae oxide type, 1621 
Aailiiie, Addition to quinonee, 691 
Animal odlukee, 1667 
Ankmc^ activity, 1869 
Anserine, 1168 
Anthooyanidins, 1316 
absmpiion spectra, 1326 
degnaiation, 1320-1323 
distribution, 1330-1331 
ooeunenee, 1330-1331 
propfitieB, 1329 

rdarion to other |dant products, 1328, 
1330-1331 

aynthesie^ 1323-1824 
tests fw, 1327-1^ 
types, 1318-1319 
Anthooyanins, 1316-1331 
acid radicals of, 1819 
aeylsted, 1319 
cdOT, 1326-1327 
cdor cf salts, 1325-1326 
glyoosidio nature^ 1319-1320 
isolation, 1324-1386 
occurrence, 1827-4328 
properties, 1324-1826 
porifioation, 
etiUoture^ 1816-1818 
ayntbeeis, 1323-1824 
AutiKaao^iis, eonvcraion to anUuxgmn- 
idm,1828, 1880 
Aiitlaacem, 162-172 
aitndaon, 178 



l.i^AnthiaqumoiHk atnioture, 171 
Aathrcne, tautomeriam, 186 
Antiaraginin, 1447 
Antimony compounds, 662-663 
Antimony fluoride as flucrinating agent, 
948 

Antimony fluoroehlorides as flnorinating 
agents, 048 
Antioridants, 667 
in addition reactions, 1916 
Apoatropme, 1198 
Apoohdic acid, 1417 
Apoharmine, 1229 
Apohanninio acid, 1229 
Apmnmphine, 1226 
Aponuoine, 1240-1241 
Apoquinine, 1206 
Apoyohimbine, 1235 
Aiabine, 1229 
Arecaid^e, 1186-1186 
Areca nut alkaloids, 1184-1186 
Arecoline, 1185-11^ 

Aienobufagin, 1452 
Aiginase, 1142 
Arginine, 1141-1142 
Arguune-phoepboric acid, 1144^ 
Armstrong'Baeyer benzene formula, 126 
Aromatic compounds, hydrogenation, 
73-74 

structure and reactions, 117-213 
Aromaticity, 117, 119 
Aromatic nuclei, catalytic reduction, 
817-819 ' 

reduction, table of, 818 
Aromatic subetitution, 174 
electronic theory of, 206 
Aromatization, see Debydrocydization 
Aroxy radicalz, 618 

Arsenic oompoonds, optical isomoism, 
426-432 

Aisonium bssea, diectronic theory, 1838 
Aryl-(alkylethyn^)-ethaoes, 610 
Arylisothioun^um salts, 845 
Ai^ radicals, 616 
Aryltfaijd twboais, 619 
Ascorbic acid, 16^1638 
structure 1634-1686 
ayntherii^ 1636-1637 
^thetlo analogs, 1687-1638 
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AqKUBgiiie, 1116, 1118 
Aqnitie add, 1115-1118 
Aasociation pdymera, definition, 706 
Asymmetric, atoms, 221 
biphenyls, 368-370 
eryetab, 220 
induction, 312 
moIeculeB, 221 

with restricted rotation, 343-383 
Bynthesis, 308-315 
absolute, 312 
biochemical, 311 
chemical, 308-311 
definition, 308 
eniymatic, 311 
Asymmetry, mdeeular, 221 
Atomic distances in fluorides, 062 
Atomic models, Stuart, 321 
Atomic radii, 1772 

Atoms, electronic structure, 1944-1948 
Atrolactic acid, 1194 
Atropaim'ne, 1198 
Atropic acid, 1194 

Atropine, 1194 I 

Atroecine, 1197 

Autoxidstion, aldehydes and ketones, 
666-657 

V. Auwers-Skita rule, 1373, 1493, 1604 
Auxochromee, 1788-1789 
Azides, rearrangements, 977 
urethanes from, 1106-1107 
Azlactones, 1093, 1102, 1122 
Azobenzene, eis-lrant isomers, 473-474 
reaction with organometalUc com- 
pounds, 498, 611-512 
Azo compounds, catalytic reduction, 
814-816 

Azomethines, 668-660 
addition of Giignard reagent, 604, 669 
addition of organcdithhim oompoimds, 
669 

reduction, 660 

Asomethylens oompoumfa, see Asometh- 


Baetoial edlulose, 1663 
Baeterioeblarcgrhyll, 1313 


Baeya* strain theory, 68 

Baeyer test far ettgdenio linlcl||Hn 

Bakdite, 781 

Barbier-Widaod degradatkm, 1367, 
1360, 1423, 1432, 1440, 1460, 
1478, 1495 

Barium compounds, 546-547 
Barium sulfate as stqrport for palladium 
catalyst, 786 

Bart reaction, preparation of stibomc 
adds, 662-663 
Bases, definition, 1858 
strength, 1034-1036 

Beckmann rearrangement, 470-471, 979, 
984, 1004, 1026 
dihydrooodeinone oxime, 1226 
salt formation in, 984-985 
Beetle-Melamine, 731 
Belladonna alkaloids, 1194-1198 
BeUadonnine, 1198 

Benzalacetophenone, addition of organo- 
metallic compounds, 611 
additions to, 675-681 

1.2- Beiizanthracene, structure, 168 
Benzanthrone, addition of Grignard 

reagent, 172 

2.3- Benz-9-anthrone, equilibrium, 169 
Benzene, addition products, 133 

bond lengths, 124 
halogenation, 179 
hydrogenation, 133 
oxidation, 133 
ozonization, 133-134 
reduction, 73-74 
resonance in, 1970-1971 
thermochemistry, 118-119 
Benzenediazoic acid, 192 
Benzene formulas, 120-132 
Armstrong-Baeyw, 126 
centric, 126 
centric-electron, 131 
Qaus, 124 
Dewar, 125 
electronic, 130 
Kekul6, 121 
Ladeuburg, 122 
para bond, 124 
prism, 122 
Thide, 127-138 
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lba||HUearix»K]p}ie mA, 1402, 1442 
BeBM^Paamic aeid, rwirangtiment, 

TRr7 

Beondrae mirangeDwot, 076, OOS, 
1021 

BemnUe aeid reurangemeat, 074, 076, 
080,086,1000 
Bemnlmoiioximn, 470-471 
Beaondij'dtyl rule, 637-638 
Bmxoin oodmes, effect oi chelation in, 
1870 

Beosoine from ald^ydes, 649 
Benzc^dtenone^nil, addition of Grignaid 
reagent, 688 

reaction with organometallic com- 
pounda, 645 

Benaopinaoal diphenyl ether, 613 
BoiBopyrone, 1332 
Benaopyr^dium ddoride, 1317 
o-Bcnxoqiunone, reduction potential, 
1S8-160 

Benaoylatedaugan, iveparation, 1561 
3,4-Benspyiene, 173 
Benajdaeide, rearrangement, 979 
Banajdoellulaee, 1691 
Berberal, 1214, 1215 
Berbsine, 1214-1216 
Berberonic add, 1214, 1235 
Beryfliom ccnnpoands, 546 
optical iaomeriam, 432-433 
Beaiiata-d, 1398 

Bdaine, occurrence as sugar derivative, 
1614 

Betaine hydrazide, 1115 
Betainee, 1115, 1124, 1157 
Betel alkaloids, 1184-1186 
Bicydic compounds, aliphatic, 114-116 
j^unetiinial mdecoles, production of 
pdlyxnerB from, 7OS-706 
Me adda, 1411-1427 
and atmds, common nudeua, 1340- 
1350 

Ow— CH* group, 1421 
odor reactions, 1418 
eonjugated, 1426 
c^ydration, 1410 
darived, 1413 
{cnnatimv 4412 


Bile adds, isolatton, 1412, 1414 
molecular oompoutda, 1421-1432 
natural, 1413, 14K2-1423 
nomenclature, 1414 
nuclear hydroxyl groupa in, 1414-1410 
occurtenoe, 1412 

physiological traDsfcnmations, 1^26 
taste, 1416 

transformations of nucleus, 1418-1420 
unsaturated, 1415-1418 
Bile alcohols, 1425-1426 
Bilianic add, 1418-1419 
Binary 83 rstem, MgX» + Mg, 603, 518, 
571 ; see also Magneaiow halides 
Biogenesis, of alkaloids, 1252-1257 
d steroids, 1528 

Biphenyls, coaxial-noneoplanar model, 
352 

optical isomerism, 347-370 
physical data, 356 
sise of groups, 3S9-381 
steric effects, 366 
unsymmetrical substitution, 355 
x-ray data, 351-352 
Bipyridyls, optical isomerism, 374 
Bipyrryls, optical isomensm, 375 
Biradicals, 602-604 
Birotation, 1546 

Biscbler-Napieralski reaction, 1213 
synthesis of oxyberbenne by, 1216 
2,3-Bisde80xyglucoee, 1633 
Bisexual hormones, 1509 
Bismuth compounds, 562-664 
Bisnorchdanic acid, 1361 
Bisulfite, see Alkali bisulfite 
Bivalent carbon, 973, 980 
Bixanthyl, 604 

Bixanthyl-9,9'-dicarboxylic acid, 611 
Kane method, synthesis of cyoloalka- 
nones, 80-82 

Blanc rule, 81-82, 1868, 1369, 1361 
BSeeeken method d determining abso* 
lute configuration in eugwu, 1570 
Boiling pointa, 1732-1737 
idkyl fluorides, 963-955 
calculated fnnn atomic volumee, 1734 
correlation with structure, 1736 
equatiems for, 1733-1734 
rdation to dipolo moment, 1736 
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Bo«aa* pointi, suJfhydryl compounds, 

840-841 

Bond, oo&rdin&te, 1827-1829 
covalent, 1826-1827, 1948-1951 
dectroetatie, 1948-1949 
energies, 1862-1864 
for covalent bonds, 1800 
ion-dipole, 1949 
ionic, 1826-1830, 1949 
metallic, 1948 
orbitals, 1962-1956 
pdarizabilities, 1856-1868 
refractivitiee, 1857 
shared-dectron-pair, 1949-1960 
Boric esters of carbohydrates, 1609-1610 
Boron compounds, 562-663 
optical isomerism, 432-433 
Brassicasterol, 1398 
von Braun degradations, 1174-1176 
Bredt rule, 113-114 

Bromination, addition-elimination mech- 
anism, 179-182 
phenanthrene, 179-182 
Bromine, addition to ethylenic linkage, 
637 

addition to quinones, 691 
addition to unsaturated acids, 683 
Bromometbylfurfural, from celluloee, 
1698 

l-Bromo-2-naphthol, 162 
9-Bromophenanthrene, 179 
Brucine, 1236 
Brucinolic acid, 1239 
Brucinolone, 1239 
Brucinonic acid, 1239 
Bucherer reaction, 161 
Bufocholanic acid, 1426-1421 
Bufodesoxycholic acid, 1420 
Bufotalien, 1460-1461 
Bufotslin, 1449, 1450-1451 
Bufotenine, 1164, 1227 
Buna rubbers, 760, 764, 768 
Butadiene, copolymer with methyl meth- 
aor5late,757 

Butadiene dibromides, rearrangements, 
1001 

jl**^-ButaidlideB, 1434 
Batjd aloohd and acetone ferme&tation, 
1661-1662 


1 ^ 

n-Butykydopentane, 118 
Butylene oxi^ sugars, 1657 
Butyl rubbsr, 760 
Butyric add fermentation, 1661 

C 

Cadmium compounds, 548-549 
Cafesterol, 1398 

Calabar bean alkaloids, 1230-1234 
Calciferol, tee Vitamin Dt 
Calcium carbonate as support for 
palladium catalyst, 787 
Calcium compounds, see Organocalcium 
compounds 

Camphene hydrochloride, rrarrangement 
to isotomyl chloride, 991 
Camphor, 72 

conversion to p-cymene, 118 
Camphor series, rearrangements in, 991- 
993 

Canadme, 1216 
Canaline, 1149-1150 
Canavanine, 1149, 1150 
Cannizzaro reaction, 649 
mechanism involving free radicals, 630 
Carbamino acids, 1095 
CarbanioDs, in rearrangements, 088, 
989 

optical activity, 383-388 
Carbethoxykryptopyrrde, 1268 
Carbides, 492, 624, 674 
Carbobenzoxyamino adds, 1117 
Carbodiimides, 665 

Carbohydrates, see Sugars and Cellulose 
cellulose, 1664r-1719 
mono- and digosaccharides, 1532-1604 
sugar derivatives, 1605-1663 
4-Carbolme, 1228 
Carbon, direct fluorination, 946 
Carbonation of Giignard reagent, £05- 
506 

Carbon atom, asymnmtric, 224 
pseudoasymmetrio, 235 
tetrahedral, 222-223, 1952-1956 
Carbon dioxide, reaction with Gt^naid 
reagent, 505-506 

Carbon disul^e, reaotinBwifhGi^Mid 


reagent, 505 

Volume I, pages 1-1077; Votoms H, pages 1079-im 



CMonhan isa», ia mmagaam^ 982, 
988,9^,997-999 
<9>tieal aetiv:^, ]ffi7-400 
OulXHiium ralta; antfaocy anitm, 1317 
footnote 

Oarbcm monoadiie^ deetronio tlieot7 oi 
addftktnto, 1907-1908 
Caibai^ badges, SS7 
OaiboDFl oompoonds; tee under in- 
dmduol member* 

Carbonyl groiqv 943-857 
Carboenuee, 771 
o-Caaboacytiaaaaie aod, 138 
C&ubac3d group, ntea of eeUrifioatiou, 
683 

CWbylamiiww, tee laocyanidea 
Carbyl ralfate, 904 
isolation in sulfonation, 640 
Canliae agluoons, 1427-1447 
and toad pc^ns, 1427-1454 
intendatianship, 1443-1447 
hetoDe ring, 143^1435 
prindpal memben, 1431 
ring system, \43Xi, 1432 
Kiaill aiJiman, 1448 
atrqphanthidin, 1435-1440 
Straottire and physialogieal aetioo, 
1462-1454 

Cardiac glyoosiidei^ 1427-1430, 1633 
jbysiolagioal patency, 1453 
prioc^ xnembenv 1428-1429 
Bouroea, 1427, 1428-1429 
Camegine, 1254 
CanMMsne, 1157-1158 
Castorbe^alkidaid, 1186-1187 
C*taaaae,1280 

Gatafyst^ amorphous fonu^ pn^iara- 
tion, 784-789 

eoQoidal f anas, prs p aim t ion, 788 
da&dtioit, 790 

fcreeterifioatKmiri oeQuloee, 1679 
for bydrageaariM, {Hopanuum, 788- 
789 


groups, 797-819 
Carious aetMty, 1869 
Cdlan, 1699 

Cdlobioee, detocmination of structure, 
1598-1600 
from cellulose, 1097 
Haworth formula, 1697, 1712 
OefiodextruiB, 1006 
CeUulosates, 1669-1672 
CeUulose, 1664-1719 
acetals, 1689 
acetates, 1679-1688 
aoetatysiB, 1668, 1682 
action of anunonia, 1672 
action d ensymee, 1671 
action of hot alltaliea, 1673 
action ti hydrobromic acid, 1698 
action cf hydrochloric acid, 1698 
action of periodic acid, 1693 
action cf Sohweitser’s reagent, 1674 
action of strong organic bases, 1672 
aging of, 1672-1673 
aloohdates, 1670 
alkali furion, 1673 
alkali metal derivativea, 1669-1672 
amino-, 1683 footnote 
animal, 1667 

arrangement d mioeDae in, 1714 
as pdyaoetal, 734 
bsctmial, 1668 
bensy] etbnv 1091 
carboxylic groups in, 1008 
catalysts for esterificstioa, 1679 
ceUobiose from, 1068 
chenical constitution, 17Q1-1709 
chemical properties, 1607 
o(^ 1699 

oompfas metaUio sails, 1074 
copper-ethyimmdiamine, 1674 
oiqrrammonium, 1674-1675 
degradation, by acids, 1094-1090 
by biologioal proceassa^ 1799-1701 
dsgiee <d pofymerisatioa, 1009 


for po^rxDstkatloa, 741 
mcMiibittioa mMio% 
roteinlqnlrogelritkWiJlN^ 
Cbtdytie hydiMiM 7^ 


dsrivativeB with mgaido bases, 1672 
destructive disrillation, 1099-1790 
estors, 1670-1087 

with iHtoIueossttUaiiiiie acid, lOSib' 
1088 
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OcfloIoBe, etiiera, 16S7-1091 
ethylene oxide derivatives, 1680 
fenneaUtion of, 1700-1701 
fibrillar structure, 1716-1713 
fine structure, 1709-1716 
glucose from, 1663 
glycolic acid ether, 1600 
hj^te, 1671 

hydrolysis by acids, 1663, 1691 
isbiatioii and purification, 1666-1667 
meroerixation, with adds, 1672 
withbasM, 1660 

methyl and ethyl ethers, 1687-1639 
methylene ethers, 1689 
microetructure, 1716-1718 
mdecular wei^t, 1706-1709 
nitrate, 1677-1679 

digoeaccharides from, 1668, 1696-1699 
oxidation, 1601—1694 
reducing power, 1667 
regeneration from solution, 1675 
solvents for, 1675 
sourcee, 1666 
standard, 1667 
structural formula, 1667 
submicroscoiMC structure, 1710, 1713- 
1716 

sulfates, 1679 
BweUing, 1671 

synthesis of, by bacteria, 1668 
thermal degradation, 1699-1700 
tosylation, 1682-1683 
toiphenyicarbinyl ether, 1690 
type of linkage in, 1701-1705 
viscasity, 1669 
yiscodty of sdution, 1707 
x-ray structure studies, 1709-1716, 
1767 

Cellulose fomulaa, present concept, 1667 
ToUens, 1702 

Cdluloee structure, Meyer and Mark 
oonoept, 1712-1713 
present concept, 1667 
Sponder and Dore concept, 1710-1711 
GeUulase xanthate, 1670, *®*^J*^ 
ai fonnAtiofly 1684-lwfi 
preparation, 1688-1681 
IgopertieB, 1685-1686 


Cerevistmol, 1390 
Chain reactions^ 1932 
Ch’an Su, 1449 

Chapman rearrangemait, 1016 
Chavicic acid, 1181 
Chavicine, 1180 
Cbdate rings, 1868-1883 
aromatic compounds, 140-141 
polydentate, 18T7-1CT8 
spirane types, 1871 
Chelation, 1868-1883 
detection by absmption spectra, 1778- 
1783 

effect on orientation, 1877— 1W9 
in chemical reactions, 1879-1883 
in Grignard reaction, 1003 
intramolecular, 1003 
Chemical reactivity, see Rdative reactiv- 
ity 

classification, 1858-1861 
comparison, 1032-1072 
by competitive reactions, 1064-1072 
by severity of conditions, 1062-1064 
effect of concentration on comparisim, 
1063 

interpretation of data, 1072-1077 
Chemigum, 760 
Chemiluminescence, 504, 508 
Chenodeeoxycholic acid, 1346, 1414 
hypobromite oxidation, 1377—1378 
position of Ct — OH group in, 1416 
Chitin, 1614 
Chitosamine, 1613, 1614 
Chloralglucose, 1700 
Chloramine-T, 902 
Chlorins, synthetic, 1312-1313 
Chloroacetanilides, rearrangementi 188 
Chlorooodides, 1222 
Chlorogenins, 1465-1466 
Chlorobydiins, ring contrectSon in Grig- 
nard reaction, 513 

Cblormodomethanesulfonio add, resciur 

tion, 227 

Chloromorphides, 1222 
l-Chloro-3-naidtthol, 161, 162 
Chlorophyll, 1260, 1293—1314 
allomeiisation of, 1804-13W5 


carbocydie ting in, 1301—1308 
m I configuration <ff, 1290 
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CSikwq^j^ ibgnidsUoit hy hydrogen 
iodide, 1209-1301 

d&jnbt^xniihyrin Biiideas in, 1306- 
1308 

fcumjd groiq> in, 1309-1311 
unreetigations oi Connat, 1303-1365 
mveB%Btions of Willatfttter, 1297- 
1293 

nudear stmcture, 1295-1297 
partial syntheais, 1311-1313 
phase test, 1^)3 
fdiytyl group in, 1298 
rdation to hemin, 1314 
relation to organometaUio compounds, 
578 

role in pihotoqratbesis, 1314 
vin^ group in, 1305-1306 
Chku^h^ a, 1297-1308 
Btructi^ fonnulas, 1308 
CUorophyU b, 1309-1311 
Chloroidiyll doivatives, hydrochloric 
add number, 1295 

Chloroidiyll pcnphyrina, 1274, 1289, 
1290, 1296-1297 

Chlorcpiene, emulsian polymciimtion, 
765 

moprvae from, 760 
Cholaiiio acid, 1^1, 1412 
degradation, 1360-1361 
from bile acids, 1360 
from ooproBtaoe, 1350 
Chdatrienic acid, formation, 1360, 1351 
Ohdeie acids, 1421-1422 
Chdeetadienes, 1304-1395 
Chcleetane, chair typn of ccmSguration 
in, 1368-1^ 

evkienoe in suj^mt of structure, 1369 
fannsdon, 1350 
phyncal oonstaots, 1870 
stereoehenustry, 1367-1369 
Cbakstanedione, 1856, 1356 
Cholestanedicme pyrkksine, 1366-1366 
Cbdestattedional, 1355, 1306 
ChdesUumtrkd, 1366t 1356 
C^oieetand, sw l^ydrodKitestercd 
Cbdeetm^me, 1389 
bydrogmsOmi, |IKr|;t£|74 
CT wtoste n fc hy juktt&n at dudestoyd 


Cholestene, atructural formula, 1358 
A^-CbdM>eQe^64id, 1386 
n‘-Chde8tene-3,4^1id, 1385 
Chdestenone, catalytic hydrogenation, 
1373 

frcm cholesterol, 1357 
A^-Chdestenone, 1390, 1393, 1394 
A^-Oholeetenone, 1393 
Choleeterilene, 1394 
Chdesterd, 1392 

catalytic hydrogenation, 1349-1350, 
1373 

Diels’ hydrocarbon from, 1349, 1351 
occmrence, 1362 
old structure, 1346-1348 
oxidation with hypobromite, 1369 
reaction with pbosphonis pentachlo- 
ride, 1375 

rdationship of hydroxyl group and 
double bond, 1354-1358 
selenium dehydrogenation, 1349 
size of ring A and B, 1358-1360 
size of ring D, 1360-1361 
structure, 1346-1347 
Walden mversion, 1375-1377 
j-Chdesterol, 1383-1384 
Cholesteryl chloride, 1350, 1376, 1393 
Chdeeteryl methyl ethers, 1383 
Cholesteryl p-toluenesulfonate, acetyla- 
tion, 1383 

reaction with methanol, 1383 
Chdestyl chlorides, 1376 
Cholic acid, dehydration, 1417 
dehydrogenation, 118, 1360-1361 
hypobromite oxidation, 1377-1378 
isolation, 1412, 1414 
124cetocbclamc add from, 1354 
old structure, 1346-1348 
position <A Cr-OH group in, 1416 
structure, 1346-1347 
Chondrosamine, 1613 
Chromatographic analysis, purification 
of antbocyanins, 1326 
Btamds, 1407 

Chromium compounds, fiOfr-fiOfi 
Chromone, 1332 
Chromqrhores, 1788-1780 
Chrysene bom natural products, 18481 
1350, 1352, 1449, 1473 
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Cibft type neins, 732 
CmdadmpoDic acid, 1204 
Cindiona alkaloids, 1202-120S 
Cinchonine, 1202-1203 
Cmduminic acid, 1203 
Cinchoninone, 1203, 1205 
Onchotenine, 1205 
Cinchotoxine, 1205 

Cinnamic aldehyde, additions to, 676- 
681 

Cinnamylcocaine, 1202 
Cinobufagin, 1449, 1451 
Circular dichroism, 288 
Circularly polarized light, 285-287 
Cm- and (mns-elimination, 1026 
Cm- and trans-migration, 1026-1027 
Cis-buna isomerism, 444-487 
definition, 444 
in azo compounds, 473-477 
in carbon-carbon double-bond com- 
pounds, 446-464 

in carbon-nitrogen double-bond com- 
pounds, 465-473 

in condensed ting systems, 484-486 
in cyclic compounds, 477-486 
in Diels-Alder reaction, 462-464 
in diphenoquinones, 446-447 
in ethylene series, 446 
in fused ring systems, 328, 484-486 
in heterocyclic compounds, 483-484 
in nitrogen-nitrogen double bond com- 
pounds, 473-477 
in oximes, 465-473 
in polyr^efins, 464 
in terpbenyls, 486-487 
types, 444-445 

Cia-irana isomers, asobenzene, 473-474 
determination of configuration in 
cyclic isomers, by abstdute meth- 
od, 480-481 

by physical properties, 479 
by relation to optical isomers, 478, 
480-481 

determination of configuration in 
ethylene isomers, by dienucal 
behavior, 469-462 
by Idnetio studies, 462-453 
by physical jwoperties, 449-452 
by lelatian to acetylenes, 460-461 

VohiiBe I, pages 1-1077; ' 


Cts-inMU iaomen, debenBinadon ^ erin- 
figuration in ethytoifi isomeni, by 
rdation to i^dic cmnpounds, 447— 
449 

by rdation to saturated compounds, 
461-462 

determination of configuration in 
oximes, by Beckmann leartange- 
ment, 470-471 

by dipolemoment studies, 471 
by relation to cyclic compounds, 
467-470 

by restricted rotation, 471-472 
hydrogenation, 800-801 
interconversiott of, in cyclic aeries, 482 
in ethylene series, 4^-459 
in oximes, 472 
Citraconic imide, 1264 
Citric acid fermentation, 1662 
Citrulline, 1147 
Civetone, 106 

Claisen rearrangement, 141, 149, 189, 
999 

Classification of sugars, Roeanoff meth- 
od, 1541-1544 

Claus formtda for benzene, 124 
Cleavage, of cydobutane ring, 101-102 
of cyclopropane ring, 101-102 
of diketones by hydrogen peroxide, 671 
of l,3-diketone8, 1070-1071 
of ethanes by alkali metals, 605, 610 
of unsymmetrical diarylmercury ocm- 
pounds, 1071-1072 
Clemmensen reduction, 644, 1357 
Coca alkaloids, 1198-1202 
Cocaine, 1198-1199 
Cocamine, 1202 
Codamine, 1219 
Codeine, 1221 
Codeinone, 1222, 12^ 

Cold drawing, of pdyaoetals, 734 
of polyamides, 726 
of poIiresteiB, 712, 717 
Cdligative properties, definition, 1722 
Cdor, of dyes, 1981-1983 
theories of, 1788-1793 
Cdor test, detection of OTganom^taSio 
compounds by, 496-497, 518 
525, 564 

dome n, pages 1079-19BS. 
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Coior tart I, otgaainiMtoffie oompoantfa, 
4^97 

Ckito test 9, <agutQmetafflio oompouiKiB, 

m 

Odor tert HI, otsattometaOie oom- 
poaorts, 664 

Galumlmun isorapotiadB, 661 
Compariaoa of chanicat reactivity, 1032- 
1077 

Compnosatioii, egrtenuJ and internal, in 
oi>tieal ucaners, 233 
Competittve reactions, 1064-1072 
alkyl halides and silver nitrite, 1065- 
1066 

deavaee of 1,3-diketoneB, 1070-1071 
desvage of unsymmetrical diaryl- 
DMroury compounds, 1071-1072 
fcmnatian of cydopropane derivatives, 
1066 

functional groupe mth Grignard re- 
agents, 601, 618^19, 553 
pnaodone rearrangement, 1066-1069 
pyridine and alkyl bromides, 1064-1066 
two alcohols or amines with phen^ 
isocyanate, 1069-1070 
Cond e nsation, Friedl&nder, 1264 
of carbonyl compounds, 648, 662-654 
of fluorides, 957 

vtf oneaturated compounds, cydiza- 
tkm by, 75-76 

Condensation pdymerisation, 706-739 
‘tkMMtensation pdyaierB, definition, 702- 
703 

Condensed ring systons, eis-trans ismn- 
erism in, 484-486 

Conductivities of organometallic com- 
pounds, 630-532, 665 
Configuration, octahedral, 222 
of sugars, notation, 1643 
optic^ r^ted compounds, 278 
planar, 222 
tetrahedral, 222 

Configurational isotnerism of mmiosac- 
durichM, 1686-1546, 1670-1672 
Configurational notation, 304-305 
stereids, 1372 
OoniQrdriiie, 1170-H80 
■HZSonioeine, 1179 
Cooa^ 1178 ’ 


Ocmjugate addition, see 1,4-Additjon 
Conjugated cxunpounds, oomparison with 
bmoene, 142 

Conjugated systems, 666-690 
addition of Qrignard reagent, 606-607 
addition of halogen, 1001 
crossed, 689-692 
in cydopropane derivatives, 102 
long, 693-699 
resonance energy of, 1917 
Conjugation, effect on mdecular refrac- 
tion, 1762 

unsaturation and, 631-700 
Constitution, and physical properties, 
1720-1805 

effect on properties, 1723-1724 
Constitutive properties, definition, 1722 
Convallatoxigenin, 1447 
Conyrine, 1178 
Coordinate bonds, 1827-1829 
Coordination complexes, 1866-1867 
with Grignard reagent, 509 
with organogallium compounds, 566 
with trimethylgold, 643 
Coordination compounds in organo- 
metaJlic chemistry, 656-567 
Copolymerization, example, 705 
Copolymers, 757-768 
definition, 706 

methyl methacrylate and butadiene, 
767 

Copper chromite catalyst, preparation, 
788-789 

reduction of esters in sugar series, 
1691-1592 

Copper compounds, 642-544 
optical isomerism, 432-433 
Copper-ethylenediamine cellulose, 1674 
Coproetane, saddle types of configuration 
in, 1368-1369 

evidence in support of structure, 1369 
formation, 1350 
physical constants, 1370 
stereochemistry, 1367-1369 
Coprostanol, see Coprostertd 
Coprostanone, 1371, 1373-1374, 1390 
Coproeterd, dicurboxylic acids from. 


1370 

etiocholandones from, 1602 
Vohlme I, p«gM 1*4077; Vdnme H, page* 1070-1988. 
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OoproeteKid, tomaiian, fronct chdestend, 
1360 

frcnn ooproetanone, 1373 
molecular compounds, 1302 
occoirenoe, 1393 
oxidation, stepwise, 1361-1362 
Corpus luteum hormone, 1487-1489 
Cortm, 1611 
Cotamic acid, 1220 
Cotamioe, 1213, 1220 
Cotton effect, 288 
Coumarone polymer, 756 
Coupling reactions, addition-elimination 
mechanism, 196 
anthranols, 166 
aromatic amines, 191, 192 
decomposition of organoinetallic com- 
pounds, 543 

Grignard reagents, 508-509 
hindrance, 197-198 
hydrocarbons, 199 
naphthols, 148, 154 
phenanthrcds, 161 
phenol ethers, 195 
phenols, 191, 192 
tertiary amines, 195 
Ullmann, 544 

Wurti-Fittig, 608, 639-542, 544 
Covalence maxima, rule, 1829-1830 
Covalent bond, 1826-1827, 1948-1951 
ionic character, 1951-1952 
2-Covalent hydrogen, chelation, 1869 
examples, 1830 
in dyad systems, 1736 

2- Covaleat iodine, 1840 

3- Covalent iodine, 1840 
Cracking, 27 

Creatine, 1111-1113, 1142 
Creatinine, 1112-1114, 1142 
Cross-linked polymers, TO3 
swelling, 742 
Cross-lmking, 719-720 
acrylate polymers, 752 
Cryptosterol, 1399 
Cryrtalite, 762 
Oystai radii of ions, 1888 
Crystals, a^mmetiic, 220 
Cumalinic acid, 1450 
Ciunulative doable bonds, 662-665 


Cumulems, 663 

Cuprammonium ocUulcee, 1674-4675 
Cupreine, 1208 
Cuprotenine, 1205 

Curtius rearraograoent, 977-MO, 988- 
090, 1004, 1013, 1022, 1024 
Cuscohygrine, 1189 
Cuspareine, 1208 
Cusparinft, 1208-12109 
Cyanide radicd, 616 
Cyanides, see Nitriles 
Cyanidin, 1318 

a-C 3 ranocituiamic ester, addition d Gr^ 
nard reagent, 691 

Cyanogen bromide, reaction with organic 
sulfides, 859 

Cyanogen bromide degradation, 1174- 
1176 

Cyanohydrin formatiorr, rates, 1036- 
1038 

Cyanohydrin preparation of sugars, 1538 
Cyanohydrins, stability, 1036-1037 
Cyclic compounds, eis-trans isomerism, 
317, 477-486 

intermediates in rearrangements, 973, 
976, 990 

optical isomerism, 315-336 
polymerisation, 770-771 
Cyclic ketones from pyTol 3 r 8 is, 78-82 
Cychc structure, effect on mcdecular 
refraction, 1752 

Cyclization, by Bischler-Napieralski re- 
action, 1218, 1216 
by Darzens reaction, 183 
by elimination of hydrogen Iodides, 
86-88 

by Freund reaction, 74-75 
by hydrogen fluoride, 958, 959 
Diels-Alder, 76-78 

formation of alicyclic crnnpounds, 
74-96 

1,2-Cycioalkanediol8, reactions, 108-110 
Cycloalkanediones, synthesis, 78-79 
Cycloalkanes, properties, 103-105 
Cycloalkanols, 107-108 
Cycloalkanones, properties, 105-107 
Cydobutane, deavage, 103 
Cydobutanone, synthesis, 106 . ; 

Cydodehydration, 92-93 
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CjfiiiiAeam, bost or C^orb, ^1 

oMr o«r j&ionii, 8Sl 
nd& sod chaur forms, 7^ 114 
Gydd»Hui<)]w-4«arb(sc^o add, Jaam* 
ttfsm of <Bdmo, 467 
CjnddMCraie, 183 
CyokiQotatetrae&e, 129, 213 
onsaturated aticydie nature, 112 
CSydodefins, prqj^es, 111-114 
Cyddpentadecanone, 105 
Cyd^^ientadiene, reaetians, 76-77, 111- 
112 

C3nd(^MntaBadkme-l,2, 140 
Cydopentanoperlqnlropbenanthrate de- 
rivatives, see Sterdds 


Dd^fdration, by Itydrogen fluoride, 068 
in rearrangementa, 086 
d sugars, methocbi, 1640-1641 
Ddiydroandbrosterone, 1603, 1606, 1609, 
1627, 1628 

y.DshydrochdeBtwd, 1887, 1406-1^)7 
Dehydroeorticostrarone, 1621 
Dehydrocyolisation, alkanes, 28-30 
alkenes, 28, 30 
catalytic, 28-30 
influence of chain length, 30 
mechanism, 31 
thermal, 27 

Dehydrodeeoxychdic add, 1368, 1364, 
1416 


Cydopit^iane, cleavage, 101-102 
reaction with hydrogen fluoride, 048 
Clycloprc^WDe derivatives, formation in 
eompetitive reactions, 1066 
attempted eyntheeee, 100, 106 
y-Cymene, fauaatiaa from oamphor, 118 
Cysteso a^ 1132 
Cysteine, 1190-1136 
C^ne, 1130-1135 


D 


Daidsdn, 1338, 1338 
Darsens reaction, 183 
sterads, 1826 
Deelkjdatkm, alkanee, 20 
Deammation, semi-pinacolic, 1012 
Decalin, 147 

and derivatives, isomerism, 114-116 
Decker reaction, 1233 
Degradation, Barbier-Widand, 1357 
von Braun, 1174-1175 
oanqflkoric addi^ 1018 
catalytic, 1174 
Emde, 1178-1174 
Hofaiann, 1172-1173 
of deaogydidioadd, 1363, 1364, 1622 
of bemin, 1261-1288 
of Etbocbolie add, 1361-1363 
of sugans, 1638^662 
WaOad^ 99 

ITMiaiMl (Bai^l^Wleiiutd), 1387 
Degree of jg j ^l j ri i t atamn, definition, 
7« 



Dehydroergoeterol, 1410 
Dehydnduorination, 067 
Dehydrogenation, catalytic, 25-27 
hydroaromatic oampounds by disul- 
fides, 863 
mechanism, 27 
steroids, with bromine, 1417 
with mercuric acetate, 1404, 1410 
with palladium, 1360, 1408, 1479 
with iJatinum, 1402, 1480 
with sdenium, 1349, 1360-1361, 
1353, 1354, 1403, 1408, 1410, 
1432, 1440, 1464, 1469, 1467, 
1474, 1626 
vrith zinc, 1473 
tbennal, 26 

with organometallic compounds, 537 
Dehydrolumisterd, 1404, 1410 
Dehydroneoergoeterol, 1402, 1476 
7-DehydrceitoBterd, 1411 
Debydrosterols, 1387, 1388, 1401 
7-D^ydro8tigmaateroI, 1411 
Ddpbinidin, 1318-1310 
Demjanow rearrangement, 06-97, 107 
Dendty, of alkyl fluorides, 951 
of organic compounds, 1741-1746 
Dephanthanie add, 1440, 1441 
D^ved BTtgars, 1617-1638 
Desoxybiliaiuc add, 1363, 1364 
degradation, 141^1419 
Descnycbolic add, 1346, 1364, 1414 
degradation, 1363, 1864, 1622 
moleoular compounds, 1421 
structure of add CuHsoOs, 1363-1866 
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DeaoxyeorticoBtero&e, 1433, 1620, 1623- 
1624 

2>D8Mxy^ucomc «cids, preparation, 
1631 

Desoscyphylloerythrin, 1300 
2-DeBOXj8tyrBcitol, 1633 
Desoxy sugars, 1631-1633 

2- , 1631 

3- , 1631-1632 
6-, 1632-1633 

of-Deeoxy sugars in cardiac glycosides, 
1430 

DeBoxyvasicine, 1261, 1255-1266 
Destructive distillation of cellulose, 
1690-1700 
Detergents, 886 
Deuterium, 1876 

Deuterium compounds, endization stud- 
ies, 246 

optical activity, 302-304 
raoemizatioD studies, 246 
Deuterohemin, 1282 
Deuteroporphyrin, 1280, 1282 
Dewar formula for benzene, 126 
Dextro form, definition, 225 
Diacetoneglucose, establishment of struc- 
ture, 1657-1669 
Diaoetyldeuteroporphyrin, 1282 
Diacetyipeeudoglucal, 1630 
Diacyl disulfides, 935 
Diac;^ sulfides, 936 
9,0‘-Dialkylbixantbyl8, 608-809 
Diamines, and dibasic acids, polyamides 
from, 724-727 
Diarylacylmethyls, 610 
Diarylalkylmethyls, 606-610 
Diaryiamino radicals, 616 
Diarylcarboxymethyls, 611 
Diarylcyanomethyl radicals, 611 
Diaryldisulfidee, 619 
Diarylhydroxymethyls, 612 
Diarylmethyls, 604-606 
Diarjdnitrogen oxides, 6l6 
Diarylperoxides, 618-619 
DiastereoisornfflU, formation, 230-232 
properttes, 230 
rda^tmsh^ c^, 220-230 
resdation by, 266-260 
Diazidss, learraiigsment, 978 


lonji 

Diazoaoetic ester, in chloro^jil studitos, 
1306 

ring compounds fn»u, 95-96 
DiazoaminobenBraie, rearrangements, 
194 

Diazoamino compounds, rearrangement, 
993 

Diazo compousids, sliplaatw, edditien to 
unsaturated esters, 682-683 
mesomeric effects, 1913 
Diazoketonee, optically active, rear- 
rangement, 1014 

Diazomethane, addititm to ethjdenic 
linkage, 642 

addition to quinones, 691 
decomposition, 983 
ring expansion by, 99-100 
Diazonium cations, electronic theory of 
addition to, 1907 

Diazonium compounds, aromatic, addi- 
tion to dienes, 670 
addition to a,;S-unsatuTated esters, 
683 

cis-trans isomers, 474-477 
in preparation of aromatic fluorides, 
950 

Diazonium fluorides, 950 
Diazonium salts, in preparation of organ- 
ic sulfides, 856 

in preparation of thiopbends, 844-845 
reaction with sulfinic acids, 918 
Ibazotization in hydrofiotnic acid, 9G0 
Dibasic acids, and diamines, polyamidfiB 
from, 724-727 

polymeric anhydrides from, 736 
pyrolysis of salts, 78-82 
Dibenzalpropionic acid, bromiaatiem, 690 

2.3.6.7- Dibenzanthracene, 603 
fin.-Dibenzanthracene, 170 
Dibenzylbutadiene, 143 
1,2-Dibromidee, rearrmigement, 1002 
l,4-Dibromide8, fesrmation by reanaage- 

ment, 1001-1002 

6.7- Dibromotetralin, 139 
Dibromotyrosine, 1129 
Dieoknuum reaction, 79-80, 89-91 
Didectric constant, as faot« ia raa»- 

rangements, 992 
of alkyl fiucHides, 9S2 
Vdume n, pages 1079-1981. 
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IMb^ Mid, ias», 1380 
XMel»«Aklcff iMetion, lOli, 9BS-€87 
eu-bwu iacMUKism in, 462-484 
o^disstiam by, 78-78 
dfletronic theory, 1023 
fonraation of caadocydio bridges by. Ill 
Dids’ hydrocarbon, frcun cardiac aglu- 
oora, 1482 

from choiestttd, 1349, 1361 
from details st^onins, 1464 
from gHogemn and saisasapc^enin, 
1459 

from lumistercd, 1403 
fn»n peeudobufotalin, 1449 
from steroid alkaloids, 1467 
from vitamin Di, 1410 
straeturcv 1349 
syntbesea, 1352-1353 
Diene reactions, 1915-1916 
Dienes, 667-670; «ee also Alkadienes 

1.2- , IMl 

action of alkali metals, 668 
addition to quinones, 691 
catalytic reduction, Ml -802 
polymerization, 758-769 
by alkali metals, 762-763 
reductioD, 667 

Diene synthesis, see Diela-Alder reaction 
Dienoid systems, 1,2-, 1911-1914 

1.3- , 1914-1918 
Diedijistilbestrol, 1484-1485 
Digigenin, 1447 

Digitalis B^Mjgenins, 1464-1468 
Cr- OH group, 1468-1461 
Ci 7 ode chain, 1461-1464 
prindpal membere, 1468 
ring nodeus, 1469-1460 
Digitalis sapaniitf^ 1468-1467 
Digitogenin, 14B(M467 
Digitcw add, 1406-1407 
Digkoiiidea, kl8o|llb^ 1374, 1376, 1444, 
1456, 1460, 1467, 1480, 1496, 
1506, 1515, 

Di^toiiin, 1374, UW, 1466-1467 
y-DigitqaauwtdllW^ 1482, 1448, 1446 
Digitax%^li,1lti2, 1443 
l)fCitQni^4S49, 1463 

1444 

IliMaifei. 1453 


0,10-Dihydroaiithiaeene, 164 

1.2- Dihydrobeazene, thermoohemistry, 

119 

IMhydrocholesta'ol, dicarbcKtylic adds 
fr(»n, 1370 

formation, 1349, 1373 
glucoside formation, 1375 
DihydrodiethylBtilbeetrol, 1484 footnote, 
1485 

17-Dih3droequilenins, 1478, 1479 
17-Dihydroequilin, 1479 
22-Dihydroeigoeterol, 1406 
DihydrofoUicular hormone, see o-Estra- 
diol and ^-Estradiol 
Dibydrogitoxigenin, 1439 
mutarotation, 1446 
Dihydroglucal, 1633 
Dibydronapbtbalenes, 156-158 
9,10-Dihydrophenanthrene, 161 
Dihydroporphyrin nudeus in chloro- 
phyll, 1306-1308 
Dihydroetrophanthidin, 1437 
reaction vdth hydrogen cyanide, 1440 
Dihydrotach 3 rsteroI, 1406 
Dihydroxyaoetone, conversion to glyoen- 
aldehyde, 1641 

2.6- Dihydroxyanthracene, bromination, 

166 

Dihydroxycholenic acid, 1417 
7,4'-Dihydroxyi8o8avone, 1338 

2.3- DihydroxyDaphthalene, behavior on 

oxidatioo, 155 

2,8-Dihydroxynapbtbalene, 154 

2.7- Dibydro3cynaphthalene, 154 
Dihydroxyphenylalanine, 1128 
Dihydroxysapogenins, 1466-1466 
4,4'-Dihydroxy8tiIbene, 1484 
Diiodotyrosine, 1129 
7,12-Diketodiolanic acid, 1371 
Diketonee, cydoalkanediones, 78-79 

1.2- , 671 

deavage by hydrogen peroxide, 671 

1.3- , deavage ccHnpetitions, 1070-1071 

1.4- , unsaturated, 693-696 
fi-, Moiisation, 1048-1041 

Diketonuddine, 1242 
Diketopiperadnee, 1114, 1120 


Dilution effect, Rugi^ 707, 710 
Dimeriaathm, free radicals, 697 
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Dimemiiig addition, metals to defisa, 
627,546 

Qrganometallic conqxiunds to oleBns, 
537 

2.4- DiniethyW,6-dioarbethoxypyirole, 

1264 

2.4- Diineithyl-3,6-diethylpyrrole, 1265 
DimethyJglycine, 1115 
Dimethylnaphthalene, 1408 

2.4- Diniethylpyrrole, 1264, 1265 
Dioscin, 1456, 1467 

Diose, Btnicture, 1583-1584 
Dioegenin, 1464, 1465 
Diphfinoquinoncs, eis-lrans isomerism, 
446-447 

#,10-Diphenylanthracene, biradical, 604 

1.4- DipheQylbutadiene, )42, 143, 167 
DiphenylcUoromethftnee, rates of reac- 
tion with alcohols, 1065-1057 

a,a-Diphenylethylene, l7S, 177, 179 
a,5-Diphenylethylene, 143 
Diphenylhexatriene, 143 
Diphcnyliodonium salts, 1840 
Diphenylketene, addition to benzalace- 
tophenone, 677 

as rearrangement intermediate, 974, 
980 

reaction with Grignard reagent, 614— 
515,664 

Diphenyioctatetraene, l43 
Diphenylpolyenes, 143 
D\pbeny\tSnocaA»iB^6e, ^ 

Dipolar ions, amino acids, 1088-1090 
Dipole moments, 1762-1761 
alkyl fluorides, 962 
aromatic compounds, 139, 206 
calculation from rate data, 1030 
cM^ntns isomers, 451 
factors for calculation, 1755 
codme derivatives, 471 
relation to boiling point, 1736 
relation to structure, 1767-1760 
DipynylbenseneB, optical isomerism, 377 
DipyrrylmethaMa, 1267'-1270 
Directive influence, of polyfluonde 
group, 960 

of substituent groups, 202-212, 1976- 


Disaccharides, tslde of comsKm, 16% 
Digpeison, abnormal, 292 
normal, 292 
of alkyl fluorides, 952 
rotatory, 288, 292-293 
Displacements, electromeric, 1842 
inductive, 1842 
Disproportionation, 1924 
free radicals, 498, 697 
organometallic compounds, 568, 572- 
576 

Dissociation, Grignard reagents, 617-518 
of carbon-carbon bond, 974 
to free radicals, energy of activation, 
592-693, 617 
hexaarylethanes, 587-696 
theones, 593-695 
Disulfldes, organic, 861-863 
general characteristics, 861 
preparation, by alkylation of sodium 
disulBde, 862 

from alkyl halides and sodium 
tbioeulfate, 862 

from mercaptans and thiophenols, 
861 

reactions, 862-863 
with halogens, 862-863 
with strong alkali, 863 
reduction, 843 
tbiolsulfonates from, 907 
Disulfones, 883-884 
' DVsvjlicaideB, 905, 912 
Disulfoxide structure of thiolsuttonic 
esters, 912 

Dithio acids, preparation, 931-932 
Dithiooarbamates, 938, 939-940 
Dithio esters, preparation, 932 
Divinylacetylene, 668 
Divinylbenaene, effect on styrene p«iy- 
mns, 748-760 
I 4,6-Divinylcatechd, 166 
Divinyl ether polymw, 758 
Djenkolic acid, 1135 
Donaxine, 1228 

Double bonds, cumiflative, 662-666 
twinned, 662-665 
Dt^t,886 
Diene, 888 


1979 

^^UModmrides, structure! 1592-1603 


Duprene, 760 
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DswdqnAeaat, 199M837 
iKdor (£, 18S1-4968 
flaiaia»K»atamuig, 963 

E 

Eagonine, 1190, 1201, 1263 
^eettT« nuclear eharge, 1824 
Qectroiyuic^ (ngaaonwtallio compounds, 
668 

ESeotromeric distdaoements, 1842 
Electrwneric effects, 1846-1847 
leeQuaDioe, IdTt 

Eteotnuneric palanzabOities, 1847 
ESectron affinity ai free radicals, 609 
iSectran diffraction, 1769-1774 
13eotroa ditplacemente, 1840-1860 
E3eefa<anegativity, Pauling scale, 1864, 
1865 

series of radio^ 1072 
ESeetronic charaoteristies of typical 
bonds, 1883-1907 

Eteeiroaio concept, rearrangements, 
1004-1027 

of valence^ 1822-1941 
Eleetronio oonfigaratioDs, atoms, 1824- 
1825 

inert gaeee, 1825 
otganie molecules, 1832-1839 
Etectrinuc fonnulas, derivatimi, 1832- 
1834 

Eteotronic structures, atons, 1944-1948 
Elecbxmie eymbols^ 1834 
£3eetronic theory oi armnatic substitu- 
ticn, 206 

Electrophilee, 1859 

l^tropiiflie subefituting agents, 1029, 

1(»1 

Eteetraetatk! band^ 1948-1949 
Emde degradation, 1178-1174 
Emidrion polymsrtotion, 7^ 
IbantMaBorpii^ iatereonvenion, 264- 
381 

propecties, 227 
sepandicMi, 254HW4 
Eadoaothmeene ataUe-aedkydiide, 165 
BSadocgreGo brid^eia 111 
Bddoe^yleBie tnmB<»> 

Enedioh^ 671, 1584 


Esttgy, d aetivatkm, txas raduuls, 
592-693,617 

ci dissoeiaiion, free radirnds, 692-693 
Energy chain mechanism of pdtyraeriza- 
tion, 773 

Enolio structure, sugan, 1684-1686 
Rno l iaa tion, alk^dne reairangemmtB of 
sugars, 1641-1646 
equilibria in, 1040-1041 
EntMnann-Johnson series, relative reao- 
tivitiee of functional groiqn, 601, 
604,648 

Entropy of organic compounds, 1796- 
1798 

Enynee, 667-670 

Enzymes, free radical concept, 630 
Eldiedra bases, 1176-1178 
Ephedrine, 1176-1178 
Eptallochcdesteral, 1394 
Epichitoeamine, 1613 
EptchoSesterol, 1393 
Eptooproetanol, 1392 
Epfcoproeterol, etiocholanolones from, 
1602 

from cholesterol, 1350 
from coproetanone, 1373 
oxidative degradation to litbocholic 
acid, 1414 

fpidibydrocbolesterol, 1373 
formation from cholesterd, 1349-1360 
formation through Walden rearrange- 
ment, 1376 

glucoside formation, 1375 
oxidation, 1502 
Epimerization, 247 
steroids, 1373-1374 
sugar adds, 1640 
Epimers, definition, 1636 
synthesis, 1539-1540 
Einneoergoeterol, mdecular rotation, 
1378-1379 
EpoxideB, 634-636 
from at,^-unsaturated ketones, 676 
Equilenin, 1478 

total synthesis, 1476-1476, 1477 
Equilibria, endization, 1040-1041 
estwifieatkm and alcdtdyris, 1044- 
1046 

formation d aceUds, 1046-1048 


1-1077; Vdomt S, pages 1079-1688. 



INDEX 




Ekjuilibria, fotmatioo of eomcarbazones, 
104»-1062 

Orignard reagents, 497, 603, 612, 614, 
617-618 

hydrogen cyanide with aldehydes and 
ketones, 1036-1038 
metathetacal reactions, 1807-1808 
oiganometallic compounds, 497, 503, 
612, 614, 617-618, 546, 647, 651, 
672, 573 

redistribution reaction, 1807 
three-carbon tautomerism, 1041-1044 
Equilibrium constants, redistribution 
reaction, 1815-1818 
reliability, 1060-1062 
Equilibrium mixtures, random, x809,1815 
Equain, 1478-1479 
Equistanols, 1306 
Ergine, 1244 
Ergobaeine, 1243 
Ergoclavine, 1244 
Ergocristine, 1243 
Ergocristinine, 1243-1244 
Ergometrine, 1243 
Ergometrinine, 1243, 1246 
Ergonovine, 1243, 1246 
Ergoeine, 1243, 1246 
Ergoeinine, 1243, 1245 
Ergostadienetriol, 1402 
£lrgoetane, 1400 
Ergostanetriol, 1402 
Ergostanol, 1392 
Ergoeterol, 1399-1403 
irradiation products, 1403 
isomerization, 1403 
occurrence, 1399 
ozonization, 1384 
structure proof, 1399-1402 
Ergoetetrine, 1243 
Ergot, 1243 

Ergot aikaloidB, 1243-1248 
Ergotamine, 1243, 1244 
Ergotaminine, 1243, 1244 
Ergothioneiiie, 1157 
Ergotinine, 1248, 1244 
Ergotodn, 1243 
Ergotmdne, 124S 

Erlenmeyw synthesis, phenylalanine, 
1107 

Vohune I, pages 1-1077; 


Eschwefler reaction, hygrine, 1180 
Es5re bean alkaloids, 1230-1234 
Eserethole, 1231 
Eserine, 1230-1234 
Eaeroline, 1231 

Esterification, alcohols by hydrogen 
fluoride, 947 

equilibria and rates, 1044-1046 
mechanism, 1046 
Esters, doubly unsaturated, 697 
hydrogenolysis, 824-825, 827-831 
inorganic, reaction with Grignard 
reagent, 508-510 
of sugars, 1606-1612 
reaction with Grignard reagent, 600, 
602-604, 608-610 
redistribution, 1809-1810 
tautomerism of unsaturated, 1041— 
1042 

a,i8-un3aturated, 681-685 
a-Estradiol, 1468, 1469, 1480, 1508 
jS-Estradiol, 1480 
Estrane, 1471 
Estnn, see Estrone 
Estriol, 1471-1475 

Estrogenic compounds, synthetic, 1484- 
1486 

Estrogenic hormones, 1469-1487 
assay, 1469 
color reactions, 1471 
content of urines, 1470 
from androgens, 1608 
iscdabon, 1470-1471 
occurrence, 1489-1470 
physiological reUtionships, 1486-1487 
princip^ members, 1472 
structure proof, 1473-1478 
Estrone, 1471-1476, 1478 
from dehydroneoergosterdl, 1476-1478 
Ethers, hydrogenolysis, 822 

optically active, rearrangement, 999 
phenolic, rearrangement, 997, 1023 
17-Ethinylandroetenediol, 1608 
17-EthinyltestoBterone, IW 
Ethionic acid, 904 
isolation, in nitration, 640 
17-Ethylandro6tenediol, 1608 
Ethyl chloride, direct flumiBatum, 946 
Ethylene, poIymeriratioB, 742-743 
lume □, pego 



■iom oyaoide, 916 

El2q^i» 090^ iatennecyiates in rear- 
rangements, 972 
reairangement, 1017-1018 
Etfajiiene cndde sugar ring, 1581 
Ethylene suodnste polyester, 716 
Ethylene sulfide pdymers, 771 
Ethylenic douUe bond, 633-643; see also 
Alkenee and CMefins 
oonjngation xrith nitrile, 687 
eanjogation with nitro group, 687 
ooddatian, 634-637 
reducticm, 634 
relative reactivity, 683 
Ethyhsopropydacetaldehyde, 1384, 1396 
Ethyl p-nitrocinnamate, 176 
Ethjdpyrropwphynn, 1290-1291 
d-Etbykpiinuclidine, 1204 
Ethyl radical, 613-615 
o-£!thyltoluene, 118 
Ekioaitofoilianic acid, 1459 
E^ooflocholane, 1499 
E2tioaUocholanic add, 1432 
Edoaflocholandonee, 1502 
EtiobSianic add, 1361 
formation frcsn sarsasapogenin, 1459- 
1460 

adenium dehydrogenation, 1474 
Etioeholane, 1499 
Etiochdanic acid, 1361, 1433 
Etioeholanoae, 1361 
Eitioehdl^ methyl ketone, 1360-1361 
^-Eueaine, 1202 
Exaltone, 105 

Eihaiative methylation, 1172-1173 
Expansion of valmee shell of sulfur, 885 

P 

Fatty adds, direot fluorination, 946 
Fentcm degraddaon of sogms, 1541 
Fermentatkm, aiedulie, 1664-1660 
butyl aleobol acetone, 1661-1662 
butyiis add, ^1 
Iqr AceMaeUttuboxydam, 1662 
by Acdabaeters^fUnum, 16^ 


Fomentation, d sugata, 1654-1662 
pnqaonio a^ 1662 
xylose, 1662 

Ferrio chloride, structure, 1876 
Fiber fcmnaticni frcnn linear pdyesters, 
712 

Fischer ohlorophyll degradation, 1299 
Fischer-Trc^xich synthesia of hydrocar- 
bons, 791 
lilavanone, 1336 
Flavianic add, 1143 
Flavone, 1332 
FUvones, 1331-1339 
as dyres, 1331 
degradation, 1334-1335 
natural occurrence, 1331 
properties, 1332-1334 
representative pigments, 1333-1334 
structure, 1331-1332 
synthesis, 1336-1338 
Flavonol, 1332 
Flavylium chloride, 1317 
Flavylium salts, 1317 
Fluorides, aliphatic, 944-964 
analysis, 964 
applications, 962 
aromatic, 950 
atomic distances in, 062 
boiling points, 963 
density, 951 
didectric constant, 962 
dipole moment, 962 
freexing points, 055 
history, 045 
parachor, 952 

physiological prc^ierties, 956, 969, 062 
preparation, 945-951 
refraction and dispersion, 952 
thermodynamic properties, 963 
viscoeity, 951 

Fluorinating agents, 948-949 
Fluorination, 946-951 
by addition cd hydrogen fluoride, 947 
by decompodticm d a quaternary 
anuncmium fluoii^ 950 
by esterifioation ol an alodul, 047 
by substitution methods, 948 


dtricM^ 1612 
et eeilttoe^ l$QO-170l 


direct, 946 

inthe beosmie ring, 960 


^dhatui I, psfM t^tOTT; Vohune IZ, pafas uno-tOSS. 
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INDEX 


fltu^orm, 940, 900, 951 
Follicular hormone, see Estrone 
FdUoular hormone hydrate, see Ehtricd 
FoUicusterone, 1478 
Formaldehyde, polymerization, 767 
Formaldehyde-melamine polymers, 730- 
731 

Formaldehyde-urea polymers, 727-730 
Formyl group in chlorophyll, 1309-1311 
Free energy, factors, 1797 
of hydrogenation, 1802 
<>ee radicals, 681-630; see also entries of 
specific radicals 

addition to unsatursted compounds, 
699 

alkyl, 613-615, 1931 
amphoteric nature, 601 
aryl, 616 

as reaiction intermediates, 386, 621-630 
color, 584, 686, 687 
detection, 561 
disproportionation, 498 
effect of unsaturation,' 694, 610 
electrolysis, 601 
electron affinity, 609 
dectronic structure, 585 
electronic theory, 1928-1934 
energy of activation, 592-593, 617 
energy of dissociation, 692-593, 617 
formation, in reaction of Grignard 
reagent and organic halides, 509 
in Wurtz-Fittig reaction, 539-542 
history, 682 
identification, 490 

in Gomberg-Bachmann reaction, 629 
in Grignard reaction, 624 
initiation of polymerization by, 774 
in oxidation and reduction, 699, 627 
in photochemical reactions, 626, 626 
in rearrangements, 973-988 
in thermal decompositionB, 626 
in Wurta-Fittig reaction, 622-623 
mechanism of peroxide catalysis, 775 
critical activity, 383-388 
optical isomerum, 587 
organometallic types, 667-672 
oxidati(Hi, mechanism, 627-628 


Free radicals, reaction with metallic mir- 
rors, 544 

resonance, 686, 687, 1979-1981 
theories of formation by dassociatiem, 
593-695 

Free rotation, princifde, 228 
Free valences, in rearrangements, 976 
Freezing points, of alkyl fluorides, 956- 
956 

Freon, 945, 949, 959, 961, 963 
Fresnel’s rhomb, 287 
Freund reaction, cyclization by, 74r-76 
Friedel-Crafts reaction, 179-185, 641 
fluorides in, 963 
mechanism, 553-554 
preparation of sulfinie acids, 916 
preparation of sulfones, 876 
preparation of sulfoxides, 871 
preparation of thioamides, 934 
production of poljmoers by, 738 
Friedlmder condensation, 1254 
Fries rearrangement, 998 
effect of chelation in, 1879 
sulfonates, 898 
Fries rule, 156, 160, 166 
d-Pnictofuranose, 1602 
Fructose, tautomeric forms, 1686 
d-Fructose, 1536, 1586, 1688 
ifceto-Fructose pentaacetate, 1679 
Fuoosterol, 1398 
Fulvenes, preparation, 112 
Functional groups, containing sulfur, 837 
relative reactivity, 601, 604, 648, 653 
Fungisterol, 1399 
Furanohexosidee, 1626 
Furanoee ring structure, establishment, 
1556-1563 

Furtonic acids, 1653-1664 
Fused ring systems, cis-fnMiB isomss in, 
238, 484-486 
classification, 328 
optical isomerism, 328-336 

G 

Galactose beptaaeetate, 1677 
Galactose pentaacetatas, 1553, 1682 
GaJacturonic acid, HfflO-1691 
Gafipiue, 1208-1209 


Fsneth technique, 618-614 
quiniMd structure, 586-687 

Vrffiime I, pagw volume n, psigee 
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Qalqxsi^n^ 1308 
OflSpofiae, 1209 
GitBimn txanpouiidg, 655, fiS6 
OaaiabufagiB, 14^ 

Gaaolinc^ Bweetoiing of, 862 
Geneseriise, 1234 

Gentiobioee, ayntbesis, 1602-1603 
Geometrical iwanen, TeamnKemeat, 9Si 
Geometrio isomerism, 444-487 
Gennaiiium ctHnpounds, 567-668 
optical isomerism, 425 
GilanTs reagent T, 1470, 1611 
Oitogenie acid, 1466, 1467 
Gitogenin, 1469, 1466 
Gitmun, 1466 
Gitoirigenin, 1444-1446 
Glaucme, 1286-1267 
Globin, 1260, 1289 
«K4Giiiot^)ynmose, 1656 
Ouoose, from oeDuloee, 1698 
Haworth formula, 1666 
tautomeric forms, 1686 
{^Glucose, structure devdopment, 1633- 
1636 

Bynthesis from dements, 1637 
Gluoase merc^tal, 1579 
Oucose oadme, 1640, 1680 
oUehyclo-d-Glucoee pentaacetate, 1675 
GlueoSe phertyihydrasone, 1536, 1579 
C3ucose-3-pboq>hate, 1607 
CBucoside fcHmation, sterdds, 1375 
Qloouronic add, 1667, 1690 
frcsn (Mcyoelluloee, 1698 
Glutamic add, 1116-1118 
Glutamine, 1116-1118 
Glycafa, 1628-1631 
isomerization, 1630-1631 
oxidation by perbenzoic acid, 1^8- 
1629 

Qyomldehyde, 1683-1684 
ormmBKmtodihydracyaeetone, 1641 
resolittian, 1644 

GSyeerol, estaiffiaation by phthalks an- 
hyil^708,719 

Glyeiae a^dl^Mivstives, 1109-1116 
1683-1584 

%MM{iilaae^ 1#00 

VdhiM 1^ paces 1-1077; '< 


Glycols, optically active, reanangsment, 
1016 

learrangement, 968-972, 976; sec also 
Pinacd rearraagement 
Giyool-Biditting reagents m sugar stud- 
ies, 1668-1669 
o-Glyoosarrs, 1618-1621 
Glycose, definition, 1661 
Glycoseens, 1623-1628 
Glycosides, 1561, 1572-1676; see alto 
Cardiac glycosides 
GlyouroDio acids, 1687, 1590-1692 
Glyoxal polymer, 770 
Gnoscopine, 1221 
Gold compounds, 542-644 
Gomberg-Bachmann binary system, 
MgXt -I- Mg, 503, 518; see also 
Magnesious halides 

Gomberg-Bachmann reaction, mechan- 
ism, 629 
Gramine, 1228 
Granatanine, 1182 

Giignard reaction, abnormal, 1003, 1879- 
1882 

cyclization by, 93 
mechanism, 625 
rearrangements, 516-617 
Grignard reagents, 495-620; see also 
Mechanism of reactions 
abnormal reactions, 1003, 1879-1882 
1,4-addition to aromatic compounds, 
146 

addition to azomethines, 659 
addition to benzanthrone, 172 
addition to cinnamalacetophenone, 606 
addition to conjugated systems, 606- 
507 

addition to <t-cyanocinnamie ester, 691 
addition to doubly unssturated esters, 
699 

1,9-addition to fucbsone tmalogs, 606- 
997 

l,44ddition to pentadieneones, 689 
addition to a,/$-un8aturated iddehydes 
and ketones, 672-676 
addition to unsoturated 1,4-diketones, 
696-096 

addition to unsaturatod nitro com- 
pounds, 688 

iUM H, psgM 1079-1981. 
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Giil^uad rea^ta, addition to a,|8-ungat- 
nrated syatems, electronic theory, 
1920 

analysie, 406-407 

bifuncticKial, poi3nneric alcohols from, 

737 

carbonation, 60S-406 
characterization by isocyanates, 505 
cleavage by active hydrogen com- 
pounds, 499-500 
cleavage by halogens, 600 
cleavage by hydrogen, 406-499 
competitive reactions with functional 
groups, 501, 518-519, 553 
coufding by iron halides, 567 
coupling reactions, 508-509 
dissociation, 617-518 
electronic theory, 1885 
equilibria, 497, 503, 512, 614, 617-618 
forced reaction, 674 
formation of free radicals in reactions, 
509 

ionization, 516-517 
mechanism of reactions, 1867 
oxidation, 607-508 
preparation from triarylmethyls, 599 
preparation of sulfinic acids, 915-916 
preparation of sulfoxides, 871 
reactions, with carbon dioxide, 505- 
506 

with carbon disulfide, 506, 931 

with carbon oxysulfide, 931 

with carbonyl compounds, 646-647 

with chlorothioncarbonates, 933 

with esters, 500, 502-504, 508-510 

with inorganic esters, 508-510 

with inorganic halides, 510 

with inorganic salts, 510 

with isoQ'anates, 505, 1914 

with isothiocyanatee, 605, 934, 943 

with ketenes, 605, 614-515, 664, 1914 

with metals, 510 

with nitriles, 504, 061 

with nitrobenzfflie, 504-506 

with nitro group, 604-606 

with nitroeobensene, 504 

with nitroeyl group, 604 

with non-terminal cumulated un- 


Grignard reagents, reactions, with oxy- 
gao, 607-608 
with selenium, 608 
with sulfonates, 895-808 
with sulfones, 881 
with sulfonyl halides, 809-000 
with sulfur, 507-508 
with sulfur dioxide, 505 
with tellurium, 608 
with terminal cumulated unsatura- 
tion, 605 

with thiolsulfotrateB, 909 
with thionylamines, 506 
with UDsaturated sulfones, 884-885 
rearrangements, 1003, 1009-1011 
reduction by, 502, 514, 644, 646-647 
ring contraction, of alicycUc oxides, 
512-614 

of chlorobydrins, 513 
use in chlorophyll synthesis, 1313 
Guanidino-acetio acid, 1110 
Guareschi’s imide, 84 
Guvacine, 1186 
Guvacoline, 1186 

H 

Halides, aliphatic, redistribution, 1810 
reaction of inorganic with Gtignard 
reagent, 510 

Haloacylanilides, rearrangement, 994 
Halochromism, 671 

Halogen acids, addition to dienes and 
enjrnes, 669-670 

addition to ethylenic linkage, 638-639 
Halogen amides, rearrangement, 977 
Halogenation, alkanes, 32, 34-36 
alkenes, 40, 43 
alkynes, 46 

aromatic compounds, 179-186 
catalytic, 34, 40 
mechanism, 33-39, 41, 46 
naphthols, 151-152 
photo-, 36-36, 43, 46 
sulfonamides, 901-9(^ 
thermal, 32 

Halogen compounds, cstalytio reduetkm 
808-809 

bydrogencdysis, table of, 808 


saturation, 605 

Volume I, pages 1-1077; Volume n, pages 1079-196S. 
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Halngunn, adtKtion to aHadfeBeg, 44 
additkm to aUcenes, 38, 43 
addition to oonjuglded systems, 1001 
addition to di«^ 660 
ad<fiti(m to etiijdemie linkage, 637-638 
addition to unsaturatad l.t^-diketonee, 
686 

reaction with organio suMdes, 868 
Hammarsten reaction, 1418 
Hannala alfc^oids, 1228-1230 
Hannaline, 1228, 1230 
Hamalol, 1228 
Hannsn, 1220 
Haimine, 1228, 1230 
Hanninio acid, 1228 
Haworth eeUofaiose formula, 1697, 1712 
Hawtaih glucoee formula, 1666 
Heat, ot activation, bexaaryiethanes, 693 
of combustion, calculation, 1708-1799 
constants for calculation, 1799 
of dissociation, hexaarylethanee, 592- 
503 

of formation of unsaturated hydro- 
carbons, 1797-1798 
of bydrcgwation, 1039-1040 
bensene, 1918 
dienes, 1918 

hydrowbons, 1801-1802 
olefins, 1918 
of reaction, 1796 

(rf vaporisation, rdation to entropy, 
1796-1796 

HdO-Ydbard-Zelinsky reaction, sulfonyl 
chlorides, 600 
Hematink acid, 1262, 1206 
Hanatoporphyrio, 1280, 1283 
Heme, 1260 

Hemiaoetals from aldehydes, 663 
Hemin, ehrcHmio add oiddatioa, 1262 
deavage by hydrogen iodide, 1263 
degtadaticm, lKl-1263 
products ctf aoitfieeleavage, 1266 
products deavage, 1264-1266 

pyrdyms, l!Si| 
idadcn to eUilrophyil, 1314 
sbruatural fonUtila, 1261, 1284 


Honin, syutlwds, 1279-1284 
Hontpime acid, 1212, 1215 
Hemlodk alkaloids, 1178-1180 
Hemotdobin, 1260, 12^ 
relation to organametallio ocumpounds 
578 

Hemopyrrde, 1263, 1265 
Hemopyrrole-carboxylic acid, 1263 
Heparin, 1609 

Heptanoee ring structure, 1682-1683 
Heroin, 1222 
Hesperidin, 1336 footnote 
Heterocyclic compounds, cU-trana isom- 
erism, 483-484 
resonance, 1974-1976 
structures of aromatic, 127 
Hetero-enoid systems, 1909-1910 
Heteropolymer, definition, 705 
example, 767 

Hexaarylethanes, degree of dissociation, 
687-693 

effect of alkyl groups, 691 
effect of electronegativities of groups, 
693 

effect of resonance, 694 

effect of solvent, 689 

effect of steric hindrance, 693, 694 

effect of substituents, 590 

effect of temperature, 589 

methods, 688-589 

Hexaaryltetrazanes, dissociation, 617- 
618 

Hexachloroethane, reaction with anti- 
mony fluoride, 949 

Hexamethylbenzene, x-ray anal 3 rBi 8 , 123 
Hexamethylenetetramine, reaction with 
hydrogen sulfide, 926 
Hexaphenylethane, dissociation, 684 
heat of dissociation, 692 
Hexene, properties, effect of chain 
branching, 1724 
Hexestrol, 1486 
Hexuronic acid, 1633-1634 
High-dilution princid^ of Ruggli, 707, 
710 

Hinsberg test, 898-899, 900-901 
Hipptdin, 1478 
Hippuiic add, 1110 


akue^i^ 128^-1286 


otmdensation with benaaldehyde, 1107 


VUnxM I, pages 1-1077; Vobime H, pages 1079-1963. 
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Hkautidiii, 181S-1319 
HutAtnioe, 1156 
Histidine, 1151-1158 
Hermann degradation, 1172-1173 
Hofmaim rearrangement, 977-080, 980, 
1004, 1008, 1013, 1014, 1022 
Hconatropine, 1105 
Homoearonic acid, synthesis, OS 
Homocystine, 1137-1138 
Homohygrinio acid, 1180 
Homoisopilopio acid, 1240 
Hennasteroids, 1526-1628 
Hordenine, 1210 

Hormones, iee under individual dosses 
Hudson lactone rule, 1552-1553 
Hudson rule, for designating a,/3-isamers, 
1560 

of isorotation, 1551-1552 
Hy-car synthetic rubber, 760 
Hydantoic acids, 1005 
Hydanloina, 1094, 1106, 1108, 1114 
Hydramine fission, 1205 
Hydrastal, 1213 
Hydrastic acid, 1213 
Hydrastine, 1211 
Hydrastinine, 1211-1214 
Hydrastis alkaloids, 1211-1216 
Hydration, alkenes, 61 
Hydrazide rule of Levene and Hudson, 
1553 

Hydrazine, addition to unsaturated 
aldehydes and ketones, 678 
Hydiazobenzene, rearrangement, 976 
Hydrazo compounds, catalytic reduction, 
814 

Hydrazones, catalytic reduction, 812 
table of, 813 
formation, 652 
reactions, 660 

Hydrides, metallic, 492, 524, 577 
organometallic, 558 
Hydrindenes, ring enlargement, 1353 
a-Hydrindone, IW 
Hydroaromatio compounds, 66 
Hydrobenzoin, rearrangement, 070, 

076 

Hydroberberine, 1216 
Hydrocarbons, alicyclio,- 65-116 
aliphatic, reactions, 1-64 

Volume I, pages 1-1077 ; 


Hydrocarixms, aromatic, coiqdiig, 190 
from Bulfcmic acids, 892 
structure and reactkms, 117-213 
direct fluorination, 946 
polymeric, 736-7^ 

HydroceQuloee, 1604-1696 
Hydrochloric add number, chlorc^yll 
derivatives, 1295 
Hydrocinchonidine, 1207 
Hydrocinchonine, 1207 
Hydrocotarnine, 1213, 1220 
Hydrofluoric acid in diazotizations, 960 
Hydrogen, acidic, 633-638 
active, 533-538 
addition, see Reduction 
1,6-addition, 693, 697 
2-covalent, chelation, 1869 
examples, 1830-1831 
electroaffinity, 1830-1831 
Hydrogenation, see Reduction 
apparatus, 781-782 
aromatic compounds, 73-74 
catalysts for, 783-789 
catalytic, 634, 779-834, 1466 footnote 
1483 

definition, 780 
heat of, 1039-1040 
methods, 780-783 
rde of catalyst in, 790-797 
with sodium and ethanol, 1466 foot- 
note 

Hydrogen bond, 1836 
detection by electron diffraction, 1770 
in amine hydrates, 1836 
Hydrogen chloride, addition to qui- 
nones, 691-692 

Hydrogen cyanide, addition to azometh- 
ines, 659 

addition to carbonyl compounds, 646 
addition to quinones, 692 
addition to unsaturated aldehydes and 
ketones, 678 

addition to unsaturated esters, 682 
rate of reaction with aldehydes and 
keton^, 1036-1038 

Hydrogen fluoride, addiUmi reactions, 
947-948 

Hydrogen haUdes, addition to alkenee, 
39-43 

ilume n, pa|^ 1079-1988. 
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inodes, ad^tkm to aJkyoM, 47 
iodiiie, dAavage of b«a(^ 1263 
dtigcadatioa of <d>kic(^>li 3 ^ 1200-1901 
]B;<baee&oJ^r8iB, 830-4139 
Metals, 822-823 
aeid onhydritks, 823 
aiecduds, S30-821 
amictee to amines, 831-833 
earbon-oarlxm Indages, 823-827 
definition, 780 
eetwB, 824-825, 827-831 
efdim, 822 

halogen compounds, 808-809 
imidea, 824 
lactones, 824-825 
(Mganometallio oompounds, 833 
OKhnes, 811 

HydrogM peroxide, acticm on uneat- 
urated carbonyl oompounds, 676 
Hydrogen sulfide, addition to ethyienic 
linkage, 641 

addition to defins, 842-843 
catalytic alk^tion, 842 
reacfticm aith idddiydes and ketones, 
924-«lS 

Hydrohydrastinine, 1212 
Hydrtdy^ ceUulose, 1668, 1694 
lactones, rate studies, 1565-1567 
sulfenyd hsltdes, 921-822 
sulfonamides, 900-901 
thioesters, 843 
Hydroquinidine, 1206, 1207 
Hydroquinine, 1206, 1207 
Hyxlroxamic aCids, rearrangement, 977, 


Hydioxjdamines, reamutgemeida, 978 
Hydrmqdation, sterouhi with oeadam 
tetrmdde, 1479, 1517, 1522 
Hydroxjdation theory, 56, 60 
Hydroxyl group, increase in add stnu^tb 
in fluorides, 961 
Hydroxylysine, 1141 
5-Hydroxy8-methylhydrindeoe, 138 
170)-Hy^oxy|Htigeeter«ie, 1623-1524, 
1526 

Hydroxyprdine, 1125-1126 
8-Hydroxypyrene, 173 
17-Hydroxysteroids, 1377 
7-HydroxyBterols, 1386 
Hygric add, methyl ester, 1120 
Hygrine, 1188-1189, 1266 ■'I 

Hygrine alkaloids, 1188-1190 
Hygrinic add, 1188-1189 
Hyodesoxychdio acid, a-, 1346, 1350, 
1414, 1416 

chromic add oxidation, 1420 
5-, 1414, 1415 
Hyoedne, 1197 
Hyoecy amine, 1194 
Hypapborine, 1164, 1227 
Hypobromous add, addition to ethyienic 
linkage, 640 

Hypocblorous add, addition to ethyienic 
linkage, 640 

addition to unaaturated acids, 683-684 
Hypohalites, reaction with esrbmiyi 
compounds, 654-665 
Hypohalogen acids, addition to ethyienic 
linkage, 640 


980 

e-Hyditni^eoett^heoanee, didation, 140 
Hy^oxy adds, pdyestera from, 707-714 
8(fl)-Hy<droxyc£odidanio add, 1385 
17<<t)>HydnnyaiidroBtane, 1616 
S-Hydraxyohdtoic add« tee lithochdic 
add 

ac»l,l^ 

1224 

laeo 

,1332 ' 

add, 1124-1125 
187 

additkm to unaaturated 
and kstonee, 678 



Imidea, hydrogendyBis, 824 
Indene polymer, 766 
Imfican, 1161-1162 
Indium compounds, 565 
Indde, 1161 

Indole derivstiveB, rearrangement, 974 
Indoxyk 1161 

Induct diaidiioements, 1842 
Inductive effecte, 1842-1845 
in benaene ring, 1029 , 

Induetcnneric poiarisability, 1849-1860 
Inert gms, dectrcHiic eonfiguratioii, 1825 


IfolBxm pi«eB 1-1077; Votnme H, pagat 10T6-tM. 
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Infrared absorption spectra, 1778-1783 
deteotioa of chelation by, 1778-1783, 
1869 

Inhibition of polymerization, 773 
Inositdl, optical isomerism, 336-337 
Interatomic distances, 1767, 1771 
Intercoaversion, organometallic com- 
pounds, 686, 663, 572-676 
of Byn- and anlt-oximes, 472 
Interfaeial tension, 1740 
Internal pressure, 1738 
Inidin as pclyocetal, 734 
Iodine, 2-covalent, 1840 
3-covalent, 1840 

iksiine monobromide, addition to ethyl- 
enic linkage, 638 

Iodine monochloride, addition to ethyl- 
enic linkage, 638 
lodomagnesium pinacolates, 613 
Ion-dipole bond, 1949 
Ionic bond, 1825-1827, 1834-1837, 1949 
Ionic mechanism of polymerization, 775 
Ionic reactions, 1864-1865 
Ionization of organometallic compounds, 
616, 617, 675 

Ionization potentials of metalhc atoms, 
632 

and relative reactivities of organ- 
ometaOic compounds, 532-533 
Ions, crystal radii, 1888 

in rearrangements, 968-1004 
Iron compounds, 666-567 
Iron-porphyrin complexes, 1260 
Isatropylcocaine, 1202 
Isethionic acid, 904 
Isooflopregnanolone, 1493 
Tanatn y lanilin e hydrobromide, rearrange- 
ment, 996 

laoandrosterone, 1604, 1506, 1517 
Isobomyl chloride, frmn camphene hy- 
drochloride, 991 
laobufochdanic add, 1451 
Isobutylene, polymerization, 743 
Isooellobiose, 1698 
Isooooamine, 1202 
Isooodeine, 1222, 1223 
Isocyanates, 666 
addition to, 665 
mesomerio eSects in, 1913 

Vohune I, pages 


Isocyanates, reaction with Qrignard re- 
agent, 605, 1914 

Isocyanides, electronic theory of addition 
to 1907-1908 

Isoddiydrocholesterol, 1386 
Isodesoxycorticosterone, 1624 
I Isodihydroxycbolenic add, 1417 
Isodurene, 199 

Isoelectric point of amino acids, 1087 
Isoequilenin, 1476 
^soequilin, 1479 
Isoestradiol, 1479 
Isoflavones, 1338-1339 
Isoglucal, 1630 
Isoglutamine, 1117 

Isohexyl methyl ketone from dihydro- 
cholesterol, 1384 
Isdithobihanic acid, 1361, 1362 
thermal decomposition, 1369-1370 
Isolithocholio acid, 1414 
Isolysergic acid, 1246-1247 
Isomerism, cts4rang, 219 
configurational, monosaccharides, 
1535-1545, 1670-1672 
geometrical, 219 
optical, 219^3 
stereo-, 219 

steroid group, 1367-1379 
structural, 218 
types, 218 

Isomerization, alkadienes, 6-7 
alkanes, 2-3 
alkapolyenes, 8 
alkenes, 4-5 
alkyl fluorides, 957 
alkynes, 8-9 
catalytic, 2-6, 8, 9 
ergosterol, 1403 
glycals, 1630-1631 
in vapor phase, 997 
mechanism, 6, 7-8 
sugars, 1638-1662 
thermal, 4, 9 
Isomers, chain, 218 


ci»-(rans, 444 
classification, 218-219 
comparison of physical pJtqwtieB, 
1723-1724 

cyclic oomiKjunds, 816-336, 477-486 
1-1077; Volume II, pages 1079-M88. 
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to SBgHB, daB%i>«tia», ihh> 
aaetooB, 218 


oitoeal, &«e«tog pototo 248-250 
^i^erttos, 227-228 
290‘-304 
Mlubilily, 2U-2S3 
potitioii, 219 
tsabonet^ 219 
Isomoi^diineB, 1222 
laomeotinic a^, 1228 
leopeBotieriiie, 1184 
laoperiplogenie acid, 1438 
laopttooaipidtoe, 1260 
lai^ocarpmB, 1249-1260 
Ia<^aiHe acid, 1249 
' lao-A^-pregnenoloiie, 1608 
. tooprogestmnse, 1494, 1608 
Isc^ropylAccUldehyde, 1399 
laapynmtamin Dt, 1410 
/j-Iadquimoe, 1206 
leogainoline, 163 

laoxitation, Hudson rule of, 1661- 
1662 


basaoeharinic aoide, 1646 
tooB^iOKnnns, 1462-1463 
ZBaMnasapogeato, 1464 
o-IsostnqdiantlSdc add, 1436, 1437 
a-Igoatrqplumtliidin ao^ 1436, 14S7 
reduoti<m, 1438 
8'Isoetr(q>haiitJudic aad, 1438 
boetrophanthidin, 1430 
V bOttooCyaiiatea, ^ 

reaetom with Giignard lUagent, 606 
boitoocTiuiie add, 939 
bottooinDBiuni salts, 841 




Kaita^Ma, catolftb ndsnte, ^ 
tafabde,818 
Ketones, 603-666 
mesomerio ^feets to, 1913 
poljnasruadoii, 664 
reaotton Gngnard nageat, SK, 
614^16, 1914 
Ketimines, 668-669, 661 
catalytic redaetion, 812 
12-Ketoohdanio add, from chclio or 
desoxycholio add, 1364 
from reduction of debydrodeaoxycholio 
acid, 1363, 1864 
S-Ketoooprostane, 1371 
^-Ketoesters, endisatioi, 1041 
IT-Ketoeetrogens, hydrogenation, 1480 
toto-Fruetoee pentaaoetate, 1579 
KetobeKoeee, 1633 
Ketonee, acetylenic, 672 footnote 
addition of organometallic compounds, 
600 


catalytic reduction, 806-807 
cycloalkanonee, 105-107 
hydrogenation, table of, 806 
optically active, from rearrangements, 
1015 

oxidation, 656-657 

rates of semicarbazone formation, 
1049-1062 

reaction with hydrogen cyanide, 1037- 
1038 

reaction with mercaptans, 849 
reduction, 643-644, 806-807 
a,6-un8aturatod, 672-681 
Ketonization cS phenols, 120 
Ketoses, 1686-1687, 1688-1689 
itotose sTotbeds by biologioal method, 
1687 
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|;.|W»tandi atoaldds, 1248-12S(r” 
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KstoitfoiimiiaforhniMite, 121. 134 
KWKtM's eosElxnmd H, 1316, 1618 
Ker^rittlMiBjntober, 764 
Katob fpm 6fi8 


T-KeteeterolB, 1886 

Ketosimes, Beckmann leanugement, 
1026 

» 1 fn-anU twaa, 466 
Eet^ metal, 612-613 
Kh a r aad i toeory, adchtkm of hydrogen 
fluoride, 948 

Kiliam cymiohydrai reaction, 1638 
Kinetic studies, da^rons iaomsn, 462- 
463 

redistlibtttion reaction, 1818-1620 







ottB i p B oo d , 1078 

KBflcnnosgd mctUm, cydization by 93 

Kuan’s pymde, 1264 ’ 

Kcwaigs andKnorr reaction, 1676 
Kiqie add, 1624 
Edbe synthesis, 201 
mechanisin, 1882 
Koprc^KophyriiiB, 1289 
Koroseal, 764, 760 
KiTptqpyrrole, 1263, 1265-1268 
Kiyptopjnxole-caihoxylic add, 1263 
Kynurenic acid, 1160-1162 
Kynurenine, 1160-1161 


Lactam fonnation, 1013 
Lactic acid, optiosl isomerism, 225 
Lactoflavin, 1617 
Lactol, definition, 1567 
Lactone rule of optical rotation, 1552- 
1653 

Lactones, hydrogenolyds, 824-826 
r- and 3-, in sugar aeries, 1663-1568 
rates of hydrolyas, 1665-1667 
reduction, 1639 

Lactone studies in sugars, 1563-1568 
Lactonization of aldonic acids, 1538 
Lactose, 1603 

Ladenbuig formula for benzene, 122 
Lagodesoxycholio acids, 1414, 1424 
Lanoeterol, 1392 
TAnthaniim compounds, 664 
Laudanine, 1219 
Laudanidine, 1219 
Laudanosine, 1219, 1256-1267 
Lead compounds, ms Organolsad com- 
pounds 

Lsad tetraacetate, osidatkm (tf eugars, 

1808 

Legal’a test, 1434, 1446, 14« 

Leiwline, 1203 
Ldhane, 942 

LeueosathocyanidinB, 1330 
Lsso form, d^niticm, 225 
Leeug^uoaean, from cdlulose, 1699-1700 
prqwmtian, 1622 
Lemtfimo add, mechanism of formation, 
1^1689 




waction, 1391 

l^bennann reaction, 1418 , 1449 

dicnlatly pdariaed, 28&-281I 
monochromatie, 282 
nature of, 281-282 
plane-polarized, %2-2S4 
lilligeDm, 1466 
Linear polyazines, 736 
Linear polyesters, 710-718 
Liquid ammonia reactions, additimi of 
metals to olefins, 629, 646 
dipbenylgermanium and sodium, 669 
dectrolysiB of orgsnomercury batiilas, 
668 

metslation, 637 

organotin halides and sodium, 660, 
660 

Lithium compouixls, see Organolithium 
compoimds 

Lithobiliamc add, 1361, 1362 
thermal deccunposition, 1369-1870 
Lithocholic acid, 1346, 1414, 1416 
degradation, 1361-1363 
formation from ejncoprosterd, 1414 
Lobdaiune, 1266 

Lobry de Bruyn interconveraicm reaction, 
1686 

Loiponic add, 1204 
Lophophorine, 1210 

Loeaen rearrangement, 077-980, 1004, 
1013, 1022 
Lotuiine, 1229 
Ludte, 762 

Lumisterol, 1298, 1403-1404 
Lyser{^ add, 12^1247 
Lysine, 1138-1141 
Lysuric add, 1140 

M 

Macromdeoulea, (Mnhion, 702 
Magnesicius balides, 609, 613; sss flbo 
Binary system 

Magnesium compounds, see Orignanl 
reagents 

Magnetic criterion tw Ixmd type, 1966- 
1968 

Magnetic momeitt, reBonanee, 1986 
Ms huang, 1176 


ysiiimn I, pagas 1-1077; Votamo Q, paiM 1679-1181. 
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Tlrfrii l te Mid fnm coddaAioa of benaeoe, 
133 

Maine ashjidride^ addocte with steroida, 
iSffii, 1400, 1408 
poljn&er willi etymn, 757 
Mal<mie ester, 1,4-, 1,6-, and 1,8-addi- 
tion of, 6% 

adcfit&m to ec,|S-unsatonLted carbonji 
eompomuis, 679 

Maltose, determination (rf structure, 
1^6-1508 

Matvidin, 1318-1319 
Manganese componnds, 560 
Marinobufagin, 1449 
Markownikoff rule, 638-639, 6S7 
ad^tiott of hjrdrogen fluoride, 947, 957 
additim of sulfur compounda to ole- 
fins, 851-652 

Mpbed to cydopropaae, 102 
Masurium compounds, 666 
Medianiwn of reactions, 1,4-addition, 
1881 

addition of Grignaid reagent to 
unsatorated carbcmyl compounds, 
672-673 

additi<m polymerisatian, 771-778 
aloohdic fermentation, 1654-1660 
alkyiaticm ot alkanes, 21-24 
aromatio substitution, 174-213 
bromination, sdditioD-eliniination 
machaaism, 179-182 
Oamaissaro reaction, 630 
eoiqding, addition-elimination mecb- 
anisin, 196 

ddiydro^cUzation of alkanes, 81 


Mecbanina of reactions, Orignaid re- 
agent, and alkyl sukonatee, 509 
and estere, 602-504 
and ketones, 5147-516 
halogenation of aliphatio hydrocar- 
bmiB, 38-39, 41, 46 

isomeriaation d aliphatic hydrocar- 
bons, 6, 7-8 

isomerisations and degradations of 
sugars, 1638-1662 
Eolbe synthesis, 1882 
levulinic acid, formation, 1638-1639 
methoxymethylfurfural, formation, 
1639 

muscle metabolism, 1660 
nitration, of aliphatio hydrocarbons, 
49, 51, 53 

of bensene, addition-elimination 
mechanism, 175 
oeazones, formation, 1636 
oxidation, 56-67, 1858 
and reduction, 627-628 
of free radicals, 1863 
polymerization, 11-12, 16, 771-778 
of formaldehyde, 707-768 
rearrangements, see Rearrangements 
redistribution reaction, 1818-1820 
reduction, 1858 
bimolecular, 643-644 
of olefins by metals, 529 
Reformatsky reaction, 548 
Reimer-Tiemann reaction, 1882 
ring contraction by Grignard reagent 
612-514 

thermal decompositions, ^0-627 


4|ti)9dragenstion of alkalies, 27 
'^Wtodfioatioii, 1044-1046 
llraiMWtotion, alcohdic, 1064-1660 
fcnmitian of cdhiloee santfaate, 1684- 
1686 

fcrasdatimtof, 1869-1868 
be»4a(tie8l fioooqft,.fi21-680 
lUedd-Cmto leaetien, 179-185, 553- 
564 

Oondieig-Bhdunaail^laotkm, 629 
37 

tWB 

aad-add ddaridse. 



Walden inversion, 269-281 
Wurta-Fittig reaction, 539-542, 623 
Meconin, 1212, 1220 
Meoooinic acid, 1212 
Meo'vein-Ponndorf method, 1890, 1466 
footnote 
Mdamae, 731 
Mdamine, 730 

Mdamine-fonnalddiyrib pdymeans, 730- 
731 

Melanin, 1128 
Mdibiose, 1693 
Mdting points, 1727-1782 
altoniatimiB, 1728-1730 
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M.dting potfitB, ealculaUoii, 178i 
cwrdatioa with structure, 1727 
effect trf halogeu substituent*, 1730 - 
1731 

Melville, molecular sandwiches, 768 
Mentbcd, 70-71 
Mercaptals, 849 
of sugars, 1662, 1675 
Mercaptans, 839-844, 846-862; see also 
Sulfhydryl compoimds 
addition to olefins, 850-861 
preparation, 841-844 
by addition of hydrogen sulfide to 
olefins, 842 

by alkylation of metal hydrosulfiefa, 
841-842 

by catalytic alkylation of hydrogen 
sulfide, 842 

by hydrolysis of S-alkylthiouronium 
salts, 841 

by hydrolysis of thioesteis, 843 
by reduction of disulfides, 843 
reactions, 846-852 
with aldehydes and ketones, 849 
with alkali, 846 
with carboxylic acids, 848-849 
with heavy metal salts, 846-847 
with nitriles, 851 

with organometallic compounds, 852 
with oxidizing agents, 851-852 
with a,/3-unBatursted carbonyl com- 
pounds, 860 
solid derivatives, 896 
tests for, 852 
Mercaptidre, 846-847 
reaction with alkylating agents, 854- 
865 

Mercaptols, 849 
Mercapturic acids, 1135 
Meroerization cellulose, 1669, 1672 
Mercurials, aromatic, from sulfinio acids, 
913 

Mercuric acetate, methoxy-, addition to 
ethylenic linkage, 642 
Mercury compounds, see Organomercury 
compounds 
Meroquinene, 1204 
MerUuoIate, 847 
Meacal alkaloids, 1209-1211 

y^kune I, pages 1-1077 ; V 
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Mescaline, 1210 
Meeitylene, 132, 199 
Mesomeric effects, 1848 
aliphatic diazo compounds, 1918 
azides, 1914 
Isocyanates, 1913 
ketenes, 1913 

Mesomeric polarization, 1847-1848 
Mesopoiphyrins, 1262, 1279 
Metabemipinic acid, 1217 
Metalation, 633-538 
Metaldehyde, 654 

Metal'hsJogen interconversion reactions, 
538-539 

Metal halyls, 541 
Metal ketyls, 612-613, 1932 
Metallic atoms, ionization potentiate, 532 
Metallic bond, 1948 
Metallic hydrides, 492, 524, 677 
Metals, interchange in oiganometallie 
compounds, 546 

reaction with Grignard reagent, 610 
Metasacchaiinic acids, 1646 
Metathetical reactions, equilibria, 1807- 
1808 

Meteloidine, 1198 

Methene syntheses, anomalous, 1284- 
1286 

Methionic acid, 904 
Methionine, 1136-1138 
Metboxyindenes, 135 
Methoxymethylfurfural, mechanism of 
formation, 1639 

Methylaniline, rearrangement, 188, 976 
Methylation of glycosides, 1654 
Metbylchdanthrene, formation, l%4^ 
1355 

l-Methylchrysene from neopregneno* 
lone, 1626 

Methylconbydrinone, 1179-1180 
N-Methylconiine, 1180 
Methylene radical, 616 
Methylephedrine, 1176 
l-Methylestradiol, 1508 
Metbylethylmdeiinide, 1263, 1266 
Methyl fluoride, 948 
et-Metbyl-d^ucoside, 1546 
^Methyl-cl«luooaide^ 1546 
-r-Metbylglacoside, prqiaratHiQi, 1562 
kune n, pages 1070-lttl. 
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0- Me^^utuie wnd tUmi dawa9«holio 

1306 

Metife^^granatianiTM^ 1183 
N-Me^ylgmnaiaiiine, 1181 
^fe^yli8(^)dletieriI>e, 1184 
Metiqfiutqvop^aoetaldehyde, 1884^ 

1401 

B4etby!iBoqtdjK)liiM, 153 
Metliyl metliacrylaite, ccqxilymer with 
butadiene, 757 
pdymen, 750-753 
Methyimorphffliol, 1221-1222 
MethThnafidiimethiiws, 1223-1224 
Metfaylmoiidiol, 1222 

1- Methyl-2-naphthol, 152 
4-Methyl'l>{iaphthd, 148 
Mnthylafla, 1632-1633 
Meth^lpseudoeidtedrine^ 1176 
Methyl radical, 613-615 
Methyl nibbffl B, 764 

Methyl eulfate, methylation of sugaia by, 
1554, 1594 

Methyl Tinyl ketone polymra', 756 
Mqyw and Mark, x-ray structure of 
oeDuloee, 1712-1713 

Meyohof and Kieaaliog mechanism of 
alcoholic fermentation, 1657-1660 
Meyer reaction, 558 

Michael reaction, 87, 92, 102, 679-68(^ 
681-682 

1,4-addition in, 696 
l,6-additi(Hi in, 609 
sulfonee, 882 

Mieroabucture at edlulosa 1716-1718 
hww-Migraticm, 1026-1027 
Migration aptitude, 1067-1068 
in rearrangements, 969, 978, 1030-1(31 
Migration of mihstituents in sugar 


derivativas, 1611-1612 
MSb-Nixon^Seot, 186-140 
Mirrardmage rdationaliq), 221, 224-225, 



Moleeular refraction, 1751-1762 
effect at conjugation, 1752 
effect of cyclic straoture, 1752 
effect of unsaturation, 1761 
exaltation, 1751-1752 
factors for calculating, 1751 
Mcdecular rotation, 285 
Blends, 1378 

Motecular sandwidies of Melville, 768 
Molecular volume, 1743 
Molecules, asymmetiie, 221 
Molybdenum compounds, 564 
Moment of momentum, 1026 
Monoacetoneglucose, establishment at 
structure^ 1557-1559 
Monoaoetone^ucose-0, 6-carbonate, es- 
tablishment of structure, 1559 
Monohydroxysapogenins, 1464 
Monoeaccharides, classification, 1533 
configurational isomerism, 1535-1545 
definition, 1633 

Monoeulfones, reactions, 877-879 
Morphine, 1221, 1227 
Morpbothebaine, 1226 
Muconic acid, 133 
reduction, 144 
Mucopioteins, 1609 
Multiple bonds, 1900-1907 
resonance, 1958-1969 
Musde metabolism, meobanism, 1060 
Muscone, 106 
Mustard gas, 856, 860-861 
Mustard oils, 943 
Mutarotation, 305-307 
oldshydo-eugar aoetates, 1676-1577 
configurational changes, 306-307 
of sugars, interpretation, 1646-1547 
kinetics, 1647-1648 
mechanism, 1548-1549 
reversibility, 967 
structural changes, 806-307 
Mycostercis, 1398-1411 
Myosmine, 1193 

N 

Napbtiueene, 169 
NaidithaoenequinoDie, 171 
Naidithalene, 145-160 
loiM S, pagM 1079-1983. 
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Naphthalme, FriedetCrafte naction, 102 
i^uction, 145 
struotuie, 1971-1073 
thennoohemical data, 157 
Naphtlienes, 70 
o-Naphthol, 145-147 
iS-Naphthol, 133, 146, 148 
Napbthcl carboxyljc acids, 201 
Naphthois, coupling, 148, 164 
etherification, 140 
halogeoatioD, 151, 152 
flt-Naphthoquinone, 150 
iS-Naphthoquinone, 158, 150 
1,4-Nsphthoquinone, 156 
Naphthoylbenzoic acid, 156 
jS-Naphthyl alJyl ether, 149 
a-Naphthylamine, 146 
/S-Naphthylamine, 146, 148, 149 
Narcotine, 1220-1221 
Negative groups, activating effect, 632 
Neoarsphenamine, 019 
Neoergosterol, 1401-1402 
molecular rotation, 1378-1379 
Neopentane, chlorination, 1008 
Neopentylamine, rearrangement, 967, 
1007 

Neopentyl chloride, preparation, 1008- 
1009 

Neopentyl group, rearrangeinent, 1007 
Neopine, 1226 
Neoprene, 700 
Neoprogesterone, 1497, 1520 
Neosalvarsan, 919 
Neotigogenin, 1464 
Neriantigenin, 1447 
Netting agents, 750 
Netting effect, 750 
Neutralized systems, 1910-1911 
Niokd, Raney, preparation, 788 
Nickel catalyst, preparation, 787-788 
Nidcd compounds, optical isomerism, 
440 

Kiool prism, 283-285 
Niooteine, 1193 
Niootimine, 1193 
Nicotine, 1190-1193 
Nicotinic acid, 1186, 1190-1191 
Nieotyrine, 1191-1192 
Ninhydiin reaction, 1099, 1162 
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Nitogenin, 1464 

Nitratian, addition- dunination media* 
niam, 176 
alkanes, 48-61 
sSceneB, 61-53, 175-178 
alkynes, 53 
anthracene, 176 
aromatic compounds, 175-179 
catalytic, 51, 52 
electrochemical, 53 
liquid phase, 60 
mechanism, 49, 51, 53 
monosubstituted benzenes, 1029 
vapor phase, 48-49 
Nitric acid, addition to alkenes, 51 
addition to etbylenic linkage, 639-640 
Nitriles, 660-661 

addition of hydrogen sulfide, 933-934 
catalytic reduction, 809-810 
conjugation vrith etbylenic linkage, 687 
electronic theory of addition to, 1907 
hydrolysis, 660 

wtermolecular addition under influ- 
ence of organometallie com- 
pounds, 661 

reactions, with Grignard reagent, 604, 
661 

with mercaptans and thiophenob, 
851 

reduction, 661, 809-810 
table of, 810 

tautomerism of unsaturated, 1041- 
1043 

a,0-unsaturated, 687-683 
l-Nitroanthraoene, 168 
9-Nitroanthracene, 176 
Nitrobenzene, reaction with Qricpiard 
reagent, 604 

Nitrocelluloee, 1677-1679 
Nitro compounds, catalytic reduction, 
815-817 

optical activity, 388-3ffi 
reduction, table of, 816 
a,fi-unsaturated, 688 
Nitrodihydroanthranrd, 176 
^Nitroethyl alcohol, 176 
jS-Nitroethyl nitrate, 175 
Nitrogen compounds, optical iaamwwm. 

401-419 
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Nltmogeaocnoixiuads, pentaa&i7l,529-fi30 
timtot, (^oal istsaerian, 401-413 
Nitrograi cnides, additioa to £2 

addition to dienes, 670 
Nitragm tetHHCide, additicm to ethyienic 
Imkage, 642 

Nitrogen tricndde, addition to ethylenic 
linkage, 642 

Nitro group, addition of alkoxides, 662 
conjugation with eth^denic linkage, 687 
reaction with Grignard reagent, £04- 
£05 

reduction, 661-662 
Nitroeation, 161 

Nitroeobenaene, reaction with Grignard 
teagent, £04 

Nitroeyl chloride, addition to ethjdenic 
linkage, 642 

Nitroayl group, reaction with Grignard 
reagent, £04 
Norarecaidine, 1186 
Norarecaiiae, 1186 
Noratr(g>ine, 1198 
Norcamidior, ssrntheKis, 77 
NcHearadiene carboxylic acid ester, 134 
Nor^hedrine, 1176 
Noiequilenin, 1481 
Norestrane derrvatives, 1481-1484 
Noreetrone, 1481 
Umbatnasa, 1384-1235 
Noifaydrastiniiie, 1213 
Norfayoecyainine, 1198 
Normal addition, hydrogen sulfide to 
olefins, 842 

sulfur compounds to olefins, 851 
Nonnal sugars^ 1555 
Notmum compound, 1674 
Nomiootine, 1193 
Noroxyhyfkaatinine, 1215 
Kospinio acid, synthe^ 84-85 
Norpeeudoepbedrins, 1176 
Nmiropine^ 1198 

Notation, eonSguiational, 304-30S 
oi^Msciimts Jn sugars, 1660-l£fil 



Nuclear charge, eileotive, 1825 
Nudeophilee, 1859 
NuUpunktsvolume, 1741-1743 
Nylons, 729 

O 

Octahedral elements, 222 
optical isomerism, 434-438 
Octahydroestrone, 1499 
Octamethylporphyrin, 12^, 1273 
n-Octane derivatives, physical constants, 
1723 

Octopine, 1148 
Odd molecules, 1928 
Oleandrin, 1446 

Olefins, see also Alkenes and Ethylenic 
double bond 

addition of hydrogen sulfide, 842-843 
addition of hypohalous acids, 1925 
addition of mercaptans and thiophe- 
nols, 850-851 
addition of metals, 1932 
direct fluorination, 946, 947 
electronic theory of addition to, 1904- 
1906 

polymerization, 627-529 
polymers from, 740-766 
reaction, with sulfur chloride, 855- 
856 

with sulfur dioxide, 876-876 
reduction by metals, 526-629 
Oligosaccharides, definition, 1633, 1692 
from eelluloss, 1696-1699 
One-electron bond, 1960-1961 
Opianic add, 1212, 1220 
Opium, 1216 

C^um alkaloids, 1216-1227 
Oppenauer method, 1357, 1388, 1489, 
1496, 1506, 1523 
Opsopyrroie, 1263, 1268, 1269 
C^w^yirole-carbcxylio acid, 1263 
Optical activity, 220-221; see also 
Optical isomerism and Optical 
rotation 

amino adda, 1085-1087 
oarinnimiB, 888-397 
mbonium ima, 397-400 
due to mctoeolar structure, 221 
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Optical activity, during rearrangements, 
399-400, 981-984, 987-990 
free radicals, 383-388 
fundamental concepts, 220 
ot crystals, 220 

of free radicals in rearrangements, ^7 
organometaUic compounds, 660 
theories, 289 

Optical isomerism, 220-433; see also 
Optical activity and Optical rota- 
tion 

allenes, 337-340 
amine oxides, 417-419 
arsenic compounds, 426-432 
beryllium compounds, 432-433 
biphenyls, 347-370 
bip 3 rridyls, 374 
bipyrryls, 375 
boron compounds, 432-433 
complex compounds, 434-438 
copper compounds, 432-433 
cyclic compounds, 315-336 
five-membered rings, 320 
foun-membered rings, 317-320 
six-membered rings, 320-327 
three-membered rings, 316-317 
dipyrrylbenzenes, 377 
fused ring systems, 328-336 
germanium compounds, 425 
inositol, 336-337 
nickel compounds, 440 
nitro compounds, 388-392 
nitrogen compounds, 401-419 
octahedral elements, 434r-438 
of elements other than carbon, 400-443 
palladium compounds, 433, 440-441 
phenylcarbazoles, 376 
pbenylpiTroles, 375-376 
phenylquinones, 374 
phoepbonu compounds, 425-426 
{Janar elemente, 438-443 
platinum compounds, 434, 441-443 
polypben^ds, 370-374 
quaternary ammonium salts, 413-417 
selenium compounds, 423-424 
sflioon compounds, 401 
spiranes, 340-343 
M ivlfilimitieB , 422-423 
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Optical isomerion, suifrmium silts, 419- 
421 

sulfoxidee, 421-422 
sulfur oompotmds, 419-428 
tellurium compounds, 424 
terphenyls, 370-373 
tin compounds, 424-425 
zinc compoundis, 432-433 

Optical isomers, number of, 237 

Optically active alcohols, rearrangement, 
1000 

Optically active alkyl halides, rearrange 
ment, 988 

Optically active amides, rearrangement, 
983 

Optically active amino alcohc^, rear- 
rangement, 987-988 

Optically active diazoketonea, rear- 
rangement, 1014 

Optically active ethers, rearrangement, 
999 

Optically active glycols, rearrangement, 
1015 

Optically active ketones, from rear- 
rangements, 1016 

Optically active pinacds, rearrangement, 
1023 

Optically active radicals, in rearrange- 
ments, 1022 

Optically active sulfinic esters, rear- 
rangement, 999-1000 

Optical rotation, see also Optical activity 
and Optical isomerism 
and association, 293 
and concentration, 298 
and dissociation, 295 
and structure, 296-298 
in steroid group, 1378-1379 
and temperature, 290-291 
and wavelength of light, 291-293 
factors influencing, 290-304 
molecular, 285 
sdute, nature of, 208-301 
solutions, 293-295 
solvent, nature of, 298-301 
specific, 285 

sugars, measuronent by ouataut 
sdubiUty method, 1560 


Bulfinio esters, ^1 


rules, 1551-1553 


Vi^nme I. pages 1-1077; Volume II, mes 1079-1988. 



jjmEK 




OfpihilliiiibMirt ot iam, 069 
of faioonpalent grotqpa, 1028 
OptQcte, 120S 
Mital wKve fimotikn, 1M6 
Ocgum msSra eampamda, 836-043; <m 
obo under tndMiuai mtaiten 
Oiganoalkali oocBpoanda, 624^642 
O^anoalutniintm eompoundg, 653-664 
QtSanoBBtimaiqr oompoimds, 662-663 
OtganauSNuc eompmmda, optical iaom- 
eriam, 426-432 

OigaiudMuitDS ocxnpouiidc, 646-647 
Oisacobrayllium oompouncb, 646 
Otganabisiniith campounds, &62-n664 
Organobismuth fadicals, 671-672 
Oiganoboron oompounda, 652-653 
OrganocadBuum eompoonda, 548-540 
Orgasocalcium compounds, 645-647 
addition to benzalaoetophenone, 675 
Organodtutmium compounds, 664-665 
Otganochromiom radicals, 672 
CtegUKWolumbium oompoonda, 561 
Qrganocopper ctsnpounds, 542-644 
Orgaaogallhim eampounda, 665, 666 
Oigaoogermanium oompounda, 667-658 
<^pitieal iaomerim, 426 
Orc^Bogermanium radicals, 569, 572 
Otgancgold compounds, 642-644 
Otganoindium compounds, 565 
Oiganoiron ccmapounda, 666-667 
Organnlan thanmp oompounda, 664 
Otganclcad ccKnpounda, 660-661 
radistiibution, 1811-1813 
Oigandead radical^ 570-671 
Organolithium omnpounda, 624-625, 
638-630 

additicm to aamnethinee, 660 
addition to group, 647 

in balagaD^Betal intwc on vi e tricna, 


OtganoaiiagneBiva ooD^Kwnda, aseCbig- 
nard nagenta 

Oiganomang^nfiw compounds, 666 
eompoanda, 666 
j5ampouiida> 640-662 
deavaga, 1071-1072 
1810-1811 
jvdioalB, 668. 672 
853 



Organometailie oompoanda, 489-680 
addition mactiona, 498, 600-607, 611- 
612, 616, m, 628-629, 645-646, 
660 

analytis, 406-497, 600 
deavage, by halogen adds, 610-620, 
560 

by halogens, 500, 619 
edor teat I, 496-407 
color test II, 526 
coIot test III, 564 
conductivities, 530-532 
detection, 496-497, 525, 664 
dectrol378is, 568 
hydrogendysia, 833 
interconvcraion, 572-676 
optical activity, 560 
preparation of sulfinio acida, 915 
pjfTolysis, 670-671 

quantitative estimation, 490-497, 500 
radioactivity, 560-561, 675 
reaction with mercaptana and thio- 
phenola, 862 

redistribution of halides, 1812-1813 
redistribution of RnM types, 1810- 
1812 

relative reactivity, 494, 610, 618-624, 
625, 630635, 546-546, 652 
thermal stability, 521, 542-644, 661, 
562,569,675 

Organconetallic hydrides, 658 
Organometdlic radicals, 567672 
Organomdybdenum compounds, 664 
Organopallafiium compounds, 567 
Organoplatinum compounds, 567 
Otgsnopdonium compounds, 665 
Organopotassium compounds, addition 
to benaalacctophenone, 676 
Organorbenium compounds, 666 
Organoecandium compounds, 654 
Qrganosilver cmnpounds, 542-i544 
Organostrontium compounds, 546-547 
Oiganotantalum compounds, 561 
Organothallimn compounds, 666-566 
Oiganothallium radicala, 668-669 
Organotin omnpounds, 668-669 
(^oal isomerism, 424r-tiS5 
Organotin radicals, 669-670, 672 
Or^notitenium oompouodSf SS7 
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Organotungsten compounds, 664 
Organouranium compounds, 664 
OtKanovanadium compounds, 561 
Organoyttrium compounds, 664 
OrganosiBC compounds, 547-^548 
reaction with a,|3-unEaturated alde- 
hydes and ketones, 675 
Organozirconium compounds, 657 
Orientation, and substitution in benzene 
ring, 202, 1029, 1976 
effect of chelation, 1878-1879 
effect of polyfluoride group, 960 
Ornithine, 1143, 1146-1147 
Ornithuric acid, 1146 
Orthanilic acid, 187 
Orthoacetates, 1610-1611 
Osazones, mechanism of formation, 1536 
Oscine, 1197 

Osmio acid, see Osmium tetroxide 
Osmium tetroxide, hydroxylation of 
steroids, 1479, 1617, 1622 
Ostreasterol, 1395 
Ouabagenin, 1447 
Oxalic acid from cellulose, 1673 
Oxidation, aldehydes, 656-666 
alkanes, 66 
alkeitee, 69 
alkynee, 62 

amino acids, 1100-1102 j 

and reduction, in rearrangements, 987, 
1005, 1012, 1022 
mechanism, 1926-1927 
bmuene, 133 

by Acetdbaeter mboxydans, 1662 
by Aeetoboeter xylinvm, 1662 
by chromic acid, 636 
by hydrogen peroxide, 636 
by lead tetraacetate, 636 
by (nddanfs other than oxygen gas, 
68.62 

by oione, 636-637 
by pramanganate, 636 
by silver iodobenzoate, 636 
cartxmyl compounds, 666-657 
oateMio, 68, 61, 637 


Oxidataon, f^jgnardieagesd, 607*4S68 
mechanism, 66-67 

mercaptans and tbiopbenob, 881-862 
resistance of fiooridee 966, 960 
sugars, 1649-1654 
by hypobromite, 1661-1682 
in acid media, 1649--1651 
in alkaline media, 1061-1664 
Bulfinic acids, 917-918 
thermal, 55, 69 

thioaldehydee and thi(^toae8, 927 
tbiobulfonates, 910 

Oxidation-reduction potentials, 169, 
1038-1039 

22,23-Oxidoergo6terol, 1411 
Oxime-nitrone tautomerism, 1936 
Oximes, catalytic reduction, 811 
chelate derivatives, 1873 
ds-irana isomerism, 465-478 
formation, 652 
hydrogencdysis, 811 
reactions, 660 
rearrangements, 979, 984 
syn- and anti-, interconvwsion, 472 
Oxo-Diels’ acid, 1360 
Oxonium salts, 1317, 1333 
stability, 1^ 

Oxonium theory, 1317 
Oxyberberine, 1214, 1215 
Oxyeellulose^ 1691-1694 
Oxygen, reaction with Grignard reagent, 
607-608 

Oxyhydrastinine, 1216 
Ozonolysis, acetylenes, 667 
benzene, 133-134 
double bonds, 636-637 

P 

Palladium black, prQ>aratio*i, 785-787 
Palladium catalysts, ecUoidal, pxtpartr 
tion, 783 

Buppwted, 786-787 
Palladium compounds, 667 
optical ietunerism, 433, 440-441 
Palladium zeolites, 787 
PalladouB oadde, preparation, 786 


jefluloae, ie91-16M 
deotronio mechanism, 1868 
jtcbyleoio linkage, 634-637 
fne letUosls, mechanism, 627-628 


Paiwtb todbokpM, applied to oi«Baaiito> 
talUo compounds, 544, 85^ 661 
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FHwtitttaiMitn, fiw ndla^ 613-014 
Biqn;v«i«]i&ie, 1217 
P>IMn«iDie^ 1217-1219 
Fs^pavaiiifai wad, 1217 
Fi^vBriii<dt 1216 
<Rani bmid fianuik for benseoe, 124 
PuMlwr, 1744-1746 
calcolatioii, 1744 
ooDstBnts for ealeid^'an, 1746 
in 6aortdes, 

relatton to laitieal volumes, mmI col- 
lisicm areas, 1746 

lelation to nuQpanktsvduine, 1742 
IWafoimald^yde, meehanmm of forma- 
tion, 767-768 
Paraldehyde, 654 


Perkin i^thesis, 651 
Peroxidation thamy, 56, 60 
Peroxide effect, 41-42, 47, 639, 642, 667, 
1915, 1926 

Peroxides, triarylmethyl, rearrangement 
976 

Peroxide systems, 1924-1928 
2,S-Peroxido-A*-eluJestene, 1396 
Perrier compounds, 184 
Petroleum refining, fluorides in, 963 
I^ttenkofer reaction, 1418 
Peyotl, 1209 

Phase test, chlorophyll, 1303 
Phenanthrene, 160-162 
bromination, 179-182 
Friedd-Crafts reactions, 161 


Params^^ietic measuranents, free rad- 
icals, 591 

Paramagnetism of oiganic radicak, 1760- 
1761 

Parasaeeharinic acids, 1646 

Partial valasoe, 128, 666 

Pauling dectnmegativity scale, 1855 

Peganine, 1250 

P^ienfr^, 1260 

Pelaiganidiii, 1318 

PeDetierine, 1183 

PeUote,1209 

Pdlotii^ 1210 

F^taaU^ nitrogen compounds, 529-530 
Pmitaarylethaiiei, 605 
Pentaaiyiethyds, 607 
Pentadieneones, 689-690 
Pentad systems, 1940 
PmktahydraxybiffaBtaiie, 1425 
Pentamethylbeaseiie, 199 
Pentasulfides, 864 

Pentoses, s t r uc ture determiiiatioii, 1641- 
1642 

Peoimlin. 1318-1319 
Pepper alkaloids^ 1180-1181 
Perbmuai nfliliera, 765 
PerignlrodiidiaiiB acfafa, 1369 footnote 
Period acid, ae^on im oeDuloae, 1693 
qridation of ewgaie, 1568-1569 
IWkii^tai>te,|IOb 1826 

of prapnriag alioydie 
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resonance structure, 1971-1973 
sulfnnation, 161 

Phenanthreue dibromide, 162, 180-182 
9,10-Phenanthrenequinone, 161-162 
2-Phenanthrol, coupling, 161 
Phend-aldehyde polymers, 731-732 
Phenol ethers, coupling, 195 
Phendic esters, rearrangement, 998 
Phen<^ aldehyde condensation, 201 
C-oDcylation, 201 
coupling, 191, 192 
from sulfonic acids, 892 
ketonization, 120 
reactions, 186-202 
with thiolsulfonates, 910 
a-Pbenylacrybc acid, from tropic acid, 
1194 

Phenylalanine, 1127 

1- Phrayl-4-emmdbutadiene, 145 
Phenyl azide, addition to ethylenic 

linkage, 642 

addition to quinones, 691 

2- Phen]dbenzopyrone, 1332 
2-I%enyIbenzopyrylium diloride, 1317 
Pbenylcarbazolee, optical ismnerism, 376 
Pbenylbydrazine, action to a,fl-un8at- 

urated eaibonyl nanpounds, 678 
Pherqdhydrmsoiies, formation, 662 
Fhenyllqrdroxylamine, rearrangement, 
976 

Pfaeiqd isocyanate, competitive leM- 
iioas of two alooh^ or amines, 
1069-1070 
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I%en3diiaphthophenazoDium diloride, 
167 

Fbenylp 3 nTQles, optical isomerism, 375- 
376 

Pbenylqumones, optical isomerism, 374 
Pbmiylsulfamio acid, 187 
Phenylthiyl radical, 619 
l-Phenyltriazolone-5-carboxylio acid, 185 
Pheophorbide a, 1299, 1311 
Pheoporph 3 rrin Os, 1299, 1311-1312 
Pbloroglucinol, 146 
Phoephocreatine, 1113 
Phoepbotiium bases, electronic theory, 
1838 

Phosphoric esters of carbohydrates, 
1606-1608 

Phosphorus compounds, optical isomer- 
ism, 425-426 

Phosphorus pentachloride, addition to 
cinnamalacetophenone, 696 
addition to dienes, 670 
reaction with aldehydes and ketones, 
655 

reaction with unsaturated ketones, 680 
Phosphorus trichloride, reaction with 
unsaturated ketones, 680 
Photochemical activation, organometai- 
lic compounds, 544-545 
Photochemical reactions, free radicals in, 
625 

Photosynthesis, action of chlorophyll in, 
1314 

role of organometalhc compounds, 678 
Phototropy, 905 

Phthalic anhydride-glycerol polymer, 

703, 719 

Phtbalimide reaction, synthesis of <r- 
amino acids, 1105 
Phtbalocyanin, 1288 
Phthalocyaoines, structure, 1877 
Phyllochlorin, 1307 
Phylloerythrin, 1301, 1311 
Phylloporphyrin, 1296, 1301 
Phyllopyrrole, 1263, 1265, 1268, 1269 
Phyllc^ynxde^arboxylio acid, 1263 
Physical properties and constitution of 
organic compounds, 1720-1805 
Physiolopcal properties, organometallic 

eompoundsi 676^77 


S 

Physoetigmine, 1230-1334 
Physostigmol, 1231 
Phytochemieal syntheeis, 1330 
Fhytol, ester with prtqnonic acid in 
chlorophyll, 1293 
Phytosterols, 1396-1398 
Phytyl group, in chlorophyll, 1298 
Picene, from cholic acid, 1352 
a-PicoUnic acid, 1178-1179 
Pigments, plant, 1316 
plastid, 1316 
Pilocarpidjne, 1250 
Pilocarpine, 1248-1250 
Pilopic acid, 1249 

Pinacolone rearrangement, see Finacol 
rearrangement 

Pinacol rearrangement, 968-972, 975- 
077, 985, 1005, 1012, 1015, 1023, 
1030 

cyclization by, 97-98 
Pinacols, migrational aptitudes, 1067- 
1068 

optically active, rearrangement, 1023 
steroid, 1388, 1401, 1410 
Piperic acid, 1181 

Piperidine, rates of reaction with alkyl 
bromides, 1057-1068 
reaction with diazonium compounds, 
951 

Piperine, 1180-1181 
Piperonylic acid, 1181 
Pivot bond, 344 
Planar elements, 222 
optical isomerism, 438-443 
Plane of symmetry, 224 
Plant pigments, 1316 
Plastid pigments, 1316 
Platinum black, preparation, 785-786 
Platinum catalysts, colloidal, prepara- 
tion, 783 
supported, 785 
Platinum compoimds, 567 

optical isomerism, 434, 441-443 
Platinum dioxide, preparation, 784 
Plexiglas, 762 

Poisoning of catalyst, dilution, 796 
Polarimeter, 284-285 
Polarimetry, 281-290 
j electromeric, 1847 
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FlfilailtaetiSV iadootoiberkv 18t9^188E> 
Poluinliflity, 1841 
oidfoiie craiq>, 888 
Pdarinttma, 1841 
mMoxonio, 1847-1848 
Poland films, 284 
Pdaoium oonqxMBids, 565 
Pt^yaoetals, 734 
PdyamidBs, 702, 721-727 
from anuno acids, 722-724 
from diamines and dibasic adds, 724- 
727 

PolyamiiieB, 735-736 
PdyadneB, linear, 736 
Potybasio acids, and pdyhydrie alcohols, 
polyesteiB from, 714-721 
Polydentaita chelate rings, 1877-1878 
Polyenea, addition <tf maleic anhydride, 
686 

phenylated, 663 
Polyeii^ systems, 1914-1919 
PolyeetfflB, 702, 707-721 
hom ^yoerol and phthahe anhydride, 
703 

from hydroxy acids, 707-714 
from pdybaaic ad^ and polyhydric 
alcdials, 714-721 
linear, 710-718 
PoiyeUier resins, 736 
Pdyethyleae giyods, 771 
Pdyfluoridea, 969-961 
Pdy^acoaaos from oelldoee, 1698 
Pdjdiomologcnis series, 739 
Polyhydric alodtok, and pdybasie adds, 
polyesters from, 714-721 
Folyisdnitylene, 743, 760 
Former, d^nitioii, 702 
Pdymeric aledkols, 787 
Polyinaie aflcyl s^wm oxides, 738 
Pofymerie anhydades, 735 
Polyraarc hydrocarbons, 730-737 
Pdymeriaatkui, aeetalddiyde, 653-654 
acelylrae, 658 

aeryiio ai^ de ityaUv es, 750-753 
^(Mq^daB, 767-^770 
attaaBwies, 14 
aSKStlBS, 12 
18 


Polymmiaidkm, oatdytiot 12-15, 17, 18 
< 7 dic oompminds, 770-771 
dsfinitioD, 10, 702 
degree of, delation, 741 
dienes, 758-759 
ethylene 742-743 
eth^nic hydrocuhans, 641 
fonnalddiyde,^ 767 
ionic mechanism, 776 
isobutylene, 743 
ketenes, 664 

mechanism, 11-12, 16, 771-777 
olefins and their derivatives, 740-766 
olefins by metals and organometallic 
ctanpounds, 527-629 
organogermanium eompoimds, 572 
photo-, 18-19 
steps in, 772 
styrene, 743-750 
thermal, 12, 15, 18 
vinyl esters, 76^766 
Foiymero, cross-linked, 703 
head-to-head, tail-to-tail type, 745, 
753 

head-to-tail type, 763, 786 
heat-convertible, 714 
heat-non-convertible, 714 
sulfur analog of polyaxyniethylene, 
926 

synthetic, 701-778 
three-dimensional, 703, 714, 718-721 
Pdyolefins, cit-trana isomerism, 464 
Fdyoxymethylenes, 702, 767-770 
Fdypbenyls, optical isomerism, 370-374 
Fotysacebaride^ definition, 1533 
Pdystyrene, 741, 743-760 
molecular sise, 741 
Pdjrsulfides, organic, 864r-866 
genoral characteristics, 864 
prqraration, 864-866 
from organic sulfides, disulfides, 
and polysulfides, 866 
from sodium pdysulfidee, 865-866 
from sulfhyd^l compouhds, 864- 
885 

reactions, 866 
PdyBtdftHUB, 766-767 
Poiytitene, 743 
Polyvinyl acetds, 766 


iSBtahnts for, 741 
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PelyvisTl Meftate, 754-7BS 
Polyvinyl alcohol, 766 
Polyvinyl ohlorid^ 702, 764 
Pdyvinyl halides, 763 
Polyvinylidene chloride, 764 
Polyyiies, rearrangement, 1011 
Pmnegranate alkaloids, 1181-11S4 
Porphin ring, structure, 1877-1878 
Porphyria, 1289 
Porphyrin nucleus, 1270-1278 
structure, 1280-1289 
Porphyrins, chemistry of, 1259-1292 
from chlorophyll, 1295-1297 
NHN bridges, 1288 
N-isomers, 1287 
nomenclature, 1272 footnote 
syntheses, 1267, 1272 
Porphyrinuria, 1289 
Positive halogen compounds, oxidation 
of mercaptides by, 864-855 
Potentials, ionization, metallic atoms, 
532 

oxidation-reduction, 159, 1038-1039 
p-quinonee, 1039 

Predissociation in rearrangement mech- 
anisms, 974, 1004 

Preferential reactions, organometalhc 
compounds, 579 
Pregnane, 1489 
Pregnane derivatives, 1490 
Pr^nanediols, 1491-1492, 1497 
Pregnanediones, 1491-1492 
Pregnanetriols, 1493, 1494 
Pregnene derivatives, 1495 
Pregnenolone, 1491 
A‘-Pregnenalane, 1528 
A‘-PregnenoIone acetate, 1526, 1527 
Prism, FtmmI, 287 
Niool, 283-286 

Progestwone, 1408, 1487-1489, 1514, 
1526 

assay, 1487 
isolation, 1488 

jdiysicdogical relationships, 1496-1498 
preparation, 1506-1607 
structure, 1488-1489 
Prograssive pairing of quadrants, 1274 



Propylene oxide, rearaai^gement, 076 
Propylene oxide sugar ring, 1582 
Proteins, definition, 1080 
hydrcdysis, 1079-1080 
ProtochlorophyB, 1314 
Protoglucal, 1630 

Proton shift in rearrangements, 1006 
Protoporphyrin, 1260, 1283-1^ 
Protosinomenine, 1267 
Protropic shift, in rearrangements, 1021 
Pseudoasymmetry, 235 
Pseudobufotalin, 1449 
Pseudococaine, 1201 
Pseudocodeine, 1222, 1223 
Pseudocodeinone, 1222, 1223 
Pseudoconhydrine, 1180 
Pseudoconiceinc, 1180 
Pseudocumene, 132 
Pseudoephedrine, 1176-1178 
Pseudoergotinine, 1244 
PseudohyoBcy amine, 1198 
Pseudo ionic reactions, 1865-1867 
Pseudodpianic acid, 1215 
Pseudopelletierine, 1181-1182, 1253 
Pseudosapogenin, 1462-1463 
Pseudoetrophanthidin, 1439 
Pseudotropine, 1197, 1200 
Psicain, 1201 
Punicine, 1183 

Purdie metbylstion of sugars, 1554 
Pyranohexosides, 1626 
Pyranose ring structure, establishment, 
1653-1556 
Pyrazoles, 135 
rearrangement, 974 
Pyrazolines, pyrolysis, 94-96 
Pyrene, 172 

Pyridine and alkyl bromides, competitive 
reactions, 1064-1066 
Pyrocalciferol, 1404, 1410 
Pyroisobthobilianic acid, CBemmensm 
reduction, 1369 

Pyrolithobilianic acid, ClemmeiiBen re- 
duction, 1369 

I*yrolyBiB, determination oi stability try, 
1063 

hemin, 1280 

organometallic ccKapounds, 570-571 
pyrazobnes, cyclisatian by, 94-95 


ProSino, 1118-1121, 1146 
Propkmic amd fermentation, 1662 
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Rates of reaction, fcomation of acetals, 
1046-1048 

formation of aemicarbazones, 1049- 
10S2 

formation of thiourethanes, 1058-1060 
general consideratioDS, 1033 
rearrangements, 1027-1031 
three-carbon tautomerism, 1041-1041 
Reactivity, relative, see Relative reactiv- 
ity 

Rearrangements, a,y-, 1003 
activated complex in, 1028 
active molecules in, 975, 980 
acyl azides, 077 
N-acylpyrroles, 976 
alcohols, 1012, 1023 
aldehydes, 971 
N-alkylanilines, 995 
N-alkylanilinium salts, 995 
terl.-alkylcarbinola, 1023 j 

alkyl phenyl ethers, 997, 1023 
N-alkylpyrroles, 976 
alienee, 663 

allyUc, 187, 1004, 1006, 1018, 1881- 
1883 

azides, 977 

Beckmann, 470-471, 979, 984, 1004, 
1026, 1225 

benzhydroxamic acid, 977 
benzidine, 976, 995, 1021 
benzilic acid, 974, 976, 980, 986, 1000 
benzylazide, 979 
butadiene dibromides, 1001 
camphor series, 992 
Chapman, 1016 
Claisen, 141, 149, 189, 999 
Curtius, 977-980, 988-990, 1004, 1013, 
1022, 1024 

cyclic compounds, 971 
as intesTOcdiates, 973, 976, 990 
cydobutane intermediates, 972 
cyclopropane intermediates, 972, 973 
degradation of camphoric acids, 1013 
dehydration of alcohols, 1012 
Demjanow, 96-97, 107 
diaades, 978 

diftiumminn cempounds, 993 


1004-1027 
eth^ene oxides, 1017-1018 
free radicals in, 973-988 
Fries, 898, 998 
glycols, 968-972, 976 
Grignard reactions, 516-517, 1003, 
1009-1011 

N-haloacylanilides, 994 
halogen amides, 977 
Hofmann, 977-980, 989, 1004, 1008, 
1013, 1014, 1022 
hydramine fission, 1205 
hydrazobenzene, 976 
hydrobenzoin, 970, 976 
hydroxamic acids, 977, 980 
hydroxylamines, 978 
indole derivatives, 974 
intennolecular carbonium-ion mecha- 
nism, 999 

intramolecular oxidation-reduction, 
1005 

ionic hypothesis, 989-1004 
isoamylaniline hydrobromide, 990 
Lessen, 977-980, 1004, 1013, 1022 
mechanism for allylic, 1881-1883 
methylaniline, 976 

migration aptitude in, 968, 978, 1030- 
1031 

molecular, 966-1031 
neopentyl compounds, 1007 
ole^ intermediates, 972 
optical activity during, 399-400 
optically active alcohols, 1000 
optically active alkyl halides, 988 
optically active amides, 983 
optically active amino alcohols, 987- 
988 

optically active diazoketones, 1014 
optically active ethers, 999 
optically active ^ycole, 1015 
optically active ketones formed in, 
1016 

optically active pinacds, 1023 
optically active rftdioals, 1022 
optically active si^nio esters, 996 
optical stability of ions, 989 
ccddaticHMeductimi in, 087, 100^ 
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pkOMdl, 968-972, 978-977, 985, 1006, 
1012, 1018, im, 1030 
cooqietitive raMtions, 1066-1069 
oydWtion by, 97-98 
polyynee, 1011 
pn^ylow oxide, 973 
pyrazcles, 974 
moUan rates, 1027-1031 
a,y<nile, 187 
aenudiae, 1021-1022 
eemi-hydrobenzcun, 971 
aeinH>ioao(ds, 071 

stereochemical coosidoatioiis in, 1025- 
1027 

sugars, in acid media, 1638-1639 
in idkaline media, 1640-1646 
snifittic esters, 999 
tentsoes, 991 

tRSiyfanethyi peroxides, 976 
trqAenylmetbylhydrox ylamine , 978 
urea dnivatives, 981 
vinyl methji ethw, 974 
Wagner, 98, 990, 1000, 1019 
Wdff, 1014, 1016, 1024 
Redfistiibution reaotian, 1806-1820 
aliphatic halides, 1810 
catalysts for, 1814 
equilibrium ocsistante, 1816-1818 
esters, 1809-1810 
kiimtics, 1818-1820 
medianism, 1818-1820 
ccganometallie halides, 1812-1813 
organcmietallic (R«M) compounds, 
1810-1812 
Reduetie add, 1687 
Bedimtion, aldebydes, 903-8M 
aOcenes, 797f8^ 
aOcynes, 802-81^ 

aromatie omi^iouJids, 73-74, 817-819 
aaobmusene by (W g a ncime tal l ic coatr 
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ddoral by Oiignaid reagent, 614 
Clemmeosen, 644 
dienes, 667, %l-802 
* I,2<d8cet(me8, 671 
disuHldee, 843 
electronic medutnism, 1868 
halogen compounds, 808-809 
ketones, 805-807 

mechanism invdving free radicals, 628 
naphthalene, 148 
niMIes, 809-^10 
nitro compounds, 815-817 
nhro group, 661 
ale£ns by metals, 628-529 
oximes, 811 
pbenylated dienes, 693 
sdective, of carbonyl group, 676 
sugar lactones, 1539 
sulfonyl chlorides, 843, 844 
thiolsulfonates, 909 
triphenylmetbyl, 699 
unsaturated diketones, 693-694 
Wdff-Kishner, 644, 1363 
Reducticm potentials of quinones, 159 
Reductone, 1637 
Reformatsky reaction, 647-648 
mechanism, 648 
steroids, 1433, 1476 
Refracticm of alkyl fluorides, 962 
Refractive index, 1760-1762 
Rdrig«ratioa agents, 969, 962 
Regularobufagia, 1462 
Reichstein’s compound, D, 1616, 1617 
E, 1520, 1625 

J, 1819 

K, 1816, 1617, 1624 

L, 1819 

M, 1620 

O, 1619 

P, 1516, 1517 
R, 1616, 1618 
8, 1821, 1622 
T,1821 
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Beiaedce salt, U18, 1126 
Bdative acidities, 638-^138 
Belative reactivity, carboxyl group, 683 
ohkirKtee with potasnum iodide, 1054 
ethylenic linkage, 683 | 

functional groups, 501, 504, 548, 653 
in sutfonyl interchange, 911 
interpretation of data, 1072-1077 
organometallic compounds, 494, 510, 
618, 624, 526, 530-635, 645-«46, 

652 

aufaatituted ethanes, 609 
Resaoetophenone derivatives, 141 
Residual charges, 1860-1852 
Resins, aldehyde, 660 
alkyd,714 
Ciba type, 732 

Resolution, amino acids, 1109 
biochemical processes, 263-264 
conversion to diaatereoisomers, 266- 
260 

equilibriuni znetbod, 261—263 
kinetic method, 260-261 
niechanical separation, 254 
preferential crystalliaation, 254-256 
R^nanoe, aromatic compounds, 207 
chemical bond, 1943-1983 
definition, 1784 
electronic thewy, 1831-1832 
idea of, 1950-1951 
keto-end systems, 1935 
meeomeric polarization, 1847—1848 
molecular structure, 1943-1983 
organic anions, 1837 
oxune-nitrone tautomerism, 1936-1937 
Resonance effects, in benzene ring, 
1029 

Resonance energy, calculation, 1967- 
1970 

oonjugated systems, 1917 
d^nition, 1950 
empirical values, 1968-1969 
orgaoio compounds, 1801 
Restricted rotation, 471 
about carbon-carbon bond, 879-381 
about carbon-nitrogen bond, 377-379 
about oarlKm-oxygen bond, 381-382 
due to many-rnembered ring, 373 I 


Bestricted rotation, non4>enzenoid rhag 
compounds, 374r-377 
Rhenium compounds, 568 
Rbodanine, amino adds from, 1108 
Rhodopoiphyrin, 1274, 1291, 1296 
synthesis, 1275-1273 
Hicin, 1187 
Bidnidine, 1187 
Ridnine, 1186 
Bicininic acid, 1186-1187 
Ring-chain tautomerism, 1937 
Ring closure, »ee Cydization 
Ring contraction, alicyclio oxides in 
Grignard reaction, 512-614 
chlorohydrins in Grignard reaction, 
513 

methods, 96-100 
Ring expansion, methods, 96-100 
Rings, Btrainless, 69-70 
Ring structures of sugars, 1545-1586 
determination by glycol-splitting re- 
agents, 1568-1669 
furanoae, 1556-1663 
other than furanose and pyranose 
types, 1681-1584 
pyranose, 1653-1566 

RoeanoS classification d sugars, 1641- 
1544 

Rosenheim test, 1391 
Rosenmund reduction of add chlcaidee, 
808-809 

j Rotation, free, 228 
molecular, 285 
restricted, 471 

Rotatory dispersion, 288, 293 
Rubber, synthetic, 769-765 
vulcanization by organometallic com- 
pounds, 578 

Ruff degradation of sugars, 1640-1641 
Rug^ higb-^ution prindple, 707, 710 

S 

Saccharic acid, preparation, 1537 
Saccharin, 904 

Saccharinio add, formation, 1646-16W 
Saccbarinio adds, 1646 
Sachse-Mohr theory of rttaiitoSB riiig^ 
69-70, 114 


groups, 862 
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BalvanjiB^ 919 

Sapcsmiia. Me Dif^talu u^wgaa^ 
SapMQinB, Me ssipoiaDB 

Sana arnti»tic rabber, 7U 
SaioQfiiite, 1111 
Saime&toeenin> 14^1447 
EkaeasapoKei^ 14S9, 1464 
SaiBast^iogetMM acid, 1462 
Samet^Mgenooe, 1462 
Saisasi^MgaiD, 14^ 1467 
Seanduim otmqKHinda, 654 
ScUS b^ses, 6S2, 656-660, 1096, 1097 
Schori^ naotion, 633 
Schweitzer’s reagent, action on ecfluloae, 
1674 

Soillaien A and B, 1446 
Scillaridin A, 1448 
Set^ane^ 1107 
Seopohunine, 1107, 1108 
Sotqxdine, 1107 
Soyiond, 1425 

Beleotivity (tf hydrogenation catalysts, 
794 

Seteniuin, reaction with Grignard re- 
agent, 606 

Sdenium compounds, (^tical isomMism, 
423-424 

Sdenium dehydrogenation, see Dehydro- 
genation with edeiuum 
Beleiiiam dioxi^ action on stwds, 1385 
o-Sdinene, ddiydrogenation, 118 
Saamrtmam estaljrtienductioo, 812 , 

814 

table of, 814 

««in3ilMia and rates in fcHmatum, 
10^1053 
forataiticiD, 6S3 



Sei^ 1120-1123 
SerineidkOBiduxio add, 1122 
Sewpii-mustard, 860 
8«a htsmanee, 1488-1510; tee also under 
tndwidualdmtet 
luogeneBia, 1528-1530 
Sharad-dectroD-pur bond, 1949-1960 
l^ca ^ as support f<n- palladium 
catalyst, 787 

BiUoon compounds, optical iaamerism, 401 
Silicon-containing polymere, 738-739 
Silver compounds, 642-544 
Silver iodobenzoate, oxidation cd ethyl- 
enio linkage, 635 
Sinomenine, 1226, 1257 
Ktosterols, 1305, 1396-1307 
SK A synthetic rubber, 764 
Skatole, 1161 

SK B synthetic rubber, 764 
Skraup reaction, 149 
Smilagenin, 1464 

Sodium bisulfite, see Alkali bisulfite 
Sodium borofluoride, use in synthesis of 
aryl fluorides, 961 

Sodium peroxide, action on unsaturated 
carbonyl oconpounds, 676 
Solanidinea, 1467-1468 
Scianines, 1467 
Solasodine, 1467 
Sdasonine, 1467 
Solatubine, 1467 
Sotatunine, 1467 

Solubility, and internal pressure, 1738 
organic compounds, 1737-1738 
Bulfbydryl oonqiounds, 840 
Sorbitd, 1538, 1544, 1587 
ASorboMt pitpamUoB, 1834-1838 
Spedfic rotation, 286 
Specific viscosity, 1748 
i^Mctraeoapy, determination of chatstion 
bir. 1889 

Spinasterois, 1897-1398 
Spjzanee, in chelate lioca, 1871 
optical isomecisiB, 340^843 
Bpwder tad J}ore, iHigr ftrootiam el 
eriiuloM^ 17}9-mt 
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Stabilities, tbennal, of organometaDie 
oompounds, 621, B42-5U, 651, 
562, 56», 575 
Stadiydriike, 11^, 1189 
Staadord oeildlose, 1667 
Starch ae polyaoetBl, 734 
Staodinger's viscority equation, 747, 
1707 

Stsnola, 1387-1388 

StereocdieBautty, cholestane type, 1367- 
1369 

coproetans type, 1367-1369 
oidines, 1025-1027 
steroid^ 1367-1379 
Stereoisomeriam, 218-487 
Bterie hindrance, effect on reactions of 


Sterols, color reactions, 199IM391 
deOnitiem, 1379 

from lower forms of animat life, 1396- 
1396 

isi^tion, 1379, 1382 
molecular compounds, 1391—1392 # 

natural and derived, 1380-1381 
nomenclature, 1382 
nuclear unsaturation, 1385-13^ 
occurrence, 1379 
reactions, 1379-1392 
of the Cg — OH group, 1383—1384 
of the Cx 7 side chain, 1384—1386 
ring system, 1382 
side chains, 1366 

Stibomum bases, electroniB tbeeny. 


organometallio compounds, 506, 
528 

in coupling reactions, 197-198 
Sterocholic acid, 1424 
Steroid alkaloids, 1467-1468 
Steroids, 1341-1531 
biogeneeis, 1628 
cpnfiguiational notation, 1372 
definition, 1344 
epimerization, 1373-1374 
gluooside formation, 1375 
history, 13tt-1348 

relation to oe-tetrahydro^S-naphtholB, 
1378, 1379 
ring system, 1344 

spatial isomerism, of hydroxyl groups, \ 
13I2r-V378 \ 

of nuclear rings, 1369-1372 j 

stereochemisti^, 1367—1379 j 

straefun^ aad eptkaJ rotatioj^ 1378“ j 
t09a J 


of nueiea^ 1846-1387 
p-toloeoesulfoDatcs. 1376 
^af>«,1848 
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Sterol p«rh(Um^ ISSS 
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1838 

Stigmasterol, 1396, 1397 
ozomzstion, 1384 
Stilbestrol, 14^ 

Strainleas rings, 69-70, 114 
large naturally occurring, 105 
Sachae-Mohr theory of, 69-70, 114 
synthesis of large, 79-80, 89 
Strain theory, Baeyer, 68 
Strecker reaction, preparation of sulfonic 
acids, 890 

Strecker synthesis, amino wads, 1105- 
1106 

Strength of acids and bases, 10S4r-1036 
Strontium compounds, 646-647 

Strojihanthidin, 1 ^ 5-1440 
Cs — OH group, 1439-1440 
Ci— OH group, 1440 

Cio-CHO group, UdSr-l&9 

Cu-OSgroip^ }736-J4S^ 

^ i-i3S 

lactone ring, 1436 

structure, 1436 - 1 * 40 , 1«1 n-n rr 
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1962-1967 
Stryohnic arid, 1237 
cffotjhnidiDfi, 1237 


,OT0 

gtiyriudnohc sad, lAW 

Stryehi^'®*’ 





asmx 


ftp 

iesSF 

s^nottm detemioAtiDnt i^4-K!2ft 
poljmkeai^Miticmt 74&^fi0 
3>an^ potjnBauatkHi, 74A 
St^noMBBleio Bi%ib!ide pob^ttur, 757 
SobutitoBDt groups, di»o^ iafioence, 
a(»-3l2 

SiSwtitoted sugan, 1506-1617 

and crientalaon, in the 
benmne liog, 202, 1029, 1975 
indiraet, 187 

Suba^tum reactions, ailcndiwiee, 44 
aQabas, 86-37 
alkeajrnea, 45 
aftynes, M 

aoknie raogei^ 273-274 
meidawiem of, 272 
Waldea invaaion in, 272 
Sueroee, structore detetmination, 1600- 
1602 

Sagan, sm under mdieidual members 
T-.1557 

aortals, 1578-1570 
acetates, 1551 

aoetmie derintiveB, 15S7-15S6 
aeetjlatioa methods, 1561 
acgtfo stractoies, 1676-1681 
oloohafa, 1538 

eldeb^do acetates, 1575-1681 
aldonio acids, 1637-1638 
amino, 1613-1617 
anhydio, 1617-1623 
aseorbio add, 1633-1638 
bensoylated, 1661 

otmfigiBational Momeri a m, 1636-1646, 
1670-1672 

cyanohydrin {nepamtion, 1638 
degradation methods, 16^1541 
degradatumaf 1688-1662 
decisttthraB, 1006-1668 
desosy, 1631-1633 
diow stnnstitre^ 1583-1584 
^saediaride stracture, 1662-1008 
enwKola, 1684-1685 
ewdie stmeton, 1684^-1686 
epBBecisatknt of shgar adda, 1640 -,<■ 


Siigss, ifyeeta, im-im 
^yeomme, 1^9-1638 
Cdyooddm, 1651, 1672-1675 
glyeuronie adds, 1587, 1500-1502 
isomwiBationB, 1638-1662 
ketoses, 1586-1587, 1588-1589 
laottme studies, 15^1568 
laotonisalion aldonio adds, 1538 
measuremeait ol oj^ical rotation by 
maxiinum sdubility method, 1550 
mereaptals, 1562, 1575 
methylation, 155^ 1594 
methyloses, 1632-1638 
mono- and oligosaccharides, 1532-1604 
mutarotation, 1546-1549 
notation of oonfiguralions, 1543, 1550- 
1661 

oligomooharides from odlulose, 1696- 
1609 

oxidation, 1649-1654 
by lead tetraacetate, 1560 
by periodic acid, 1568-1560 
pentoses, 1541-1542 
reairangemente, 1638-1646 
reduction of lactones, 1689 
ring structures, 1645-1580 
Rosanoff daesifieation, 1541-1544 
rules of optical rotation in, 1551-1563 
sacnharinio add fcnnation, 1646-1649 
tautommio forms, 1683-1586 
thio, 1612 
trioaea, 1583-1684 
Sulfa dnige, 904 
Sulfanjlamide, 904 
Sulfanilic add, 187 
SuUapyridine, 904 
Sutfapyrimkiine, 004 
Bdfathiasde, 904 
Sutfenamidee, preparation, 923 
Sulfcnic amd derivatives, 920-928 
general dmraoteristics, 920 
Sulfenie anhydrktes, 921 
Sulfenjd haltdes, from disulfitke, 030 
from mereaptans, 920-921 
bydrolyi^, 921-922 
reactions, with active methylene ooar- 
pounds, 923 

trith aloohole and i^enok, 922 
nrith anunonie and aminetv ^ 


cinmen, 1586, 1539-16l<h 
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8aKlqi<di^ eooqpcnmds, 839-S63; ate alto 
MeroaptaoB and ThiophaidlB 
bdHng pointa, 840-841 
wanureBoe, 839 
odor, 889 
BcdubiUty, 840 
toxicity, 839 

Solfides, wguaic, 853-861 
cleavage by QWQogen bromide, 869 
f ormaticKi from diazotiium salts, 856 
formation from define, 855-856 
general characteristics, 853 
preparation, 854^-857 
by alkylation, 854r-856 
from alddiydee and ketones, 857 
reactions, 858-860 
with halogens, 858 
with inorganic salts, 858-859 
Sulfiliminee, optical isomerism, 423-423 
Sulfinamides, preparation, 917 
Sulfinic acids, 913-919 
addition to iinsatvirated ketones, 680 
formation of acid derivatives, 916-917 
general characteristics, 913-914 
metal replacement, 918-919 
nomenclature, 913 footnote 
oxidation, 917-918 
preparation, 914-916 
by Friedel-Crafts reaction, 915 
from diazoirium salts, 915 
from ethylene disulfones, 916 
frmn organometallio compounds, 
915-916 

reactions, 917-919 
with aldehydea, 918 
with diasoiiiiim salts, 918 
with a,/5-un8atursted carbonyl com- 
pounds, 918 

thiolsulfonates from, 906 
Sulfinic esters, optical isoinerism, 421 
optically active, rearrangement, 999- 
1000 

jneparation, 916-917 
from Bulfonyi diloridee, 914-916 
Bulfinyl anhydrides, preparatimi, 917 
Snlfinyl chlorides, preparation, 917 
Sulfinyl group, 870 footnote 
alkylation, 902 


Sulfonamides, hydrolydB, 900-901 
reactkna, 900-904 
with aldehydes, 903 
reduction, 9C@ 

Sulfonates, alkylation by, 896 
rvies rearrangement, 8^ 
reactions, 895-898 
with Orignard reagent, 897-898 
Stilfonation, alkenea, 177-178 
aromatic compounds, 175-178 
phenanthrene, 161 

preparation of sulfonic acids, 887-888 
Sulfone group, activating effect, 881, 
885 

I electron attraction by, 879-881 
in di- and polysulfonea, 883-884 
influence upon halogen, 882-883 
influence upon hydrogen, 879 
Sulfones, 873-885; see alao Monosulfones 
and Disulfones 
condensation reactions, 882 
general characteristics, 873 
Michael reaction, 882 
preparation, S74-S77 
by alkylation of salts of sulfinic 
adds, 874-876 

by Friedel-Crafte reaction, 876 
by oxidation of sulfides and suK- 
oxides, 874 

by reaction of olefins with sulfur 
diokide, 876-876 
reactions, with alkali, B77-878 
with Grignard reagent, 881 
with reducing agents, 877 
unsaturated, 884-886 
a,jS-unBaturated, 672 footnote 
Sulfonhydraaides, hydrolysis, 903 
Sulfonic acids, 888-904 
conversion to sulfonyl halides , 891 
esters of, tee Sulfonates 
general characteristics, 886 
nomendatuie, 886 footnote 
preparation, 887-891 
by addition of bisulfite to ol^oa 
890-891 

by oxidaticm, 888-890 
by Strecker reaction, 890 
by sulfonation, 887-888 
reactions, 893-895 
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gtoui^ ^aidao BKKQv 894 

by halogen, 893-894 
hychtigen, 892 
by hydnacyl, 892-^ 
by nitro group, 885 

oompotindB, 867-870 
from disulfidea, 867 
turn suJfides, ^7 
genmil (duuacteristics, 867 
in^qianktion, 867-868 
Sojlfoniuiii hydroxides, pyrolysis, 869 
reactions as bases, 869-870 
Sulfonium salts, formation of addition 
compound 869 
<^tical iBOnwaism, 419-421 
pyrolyas, 868-869 
srSuIfonyl acids, 885 
Sulfonyl chlorides, reduction, 843, 844 
Sulfonyl fluorides, synthesis, 948 
Sulfonyl halides, hydrolysis, 898 
prqtiaration, ^1 
reaotious, 898-000 

with amims, 898-899 j 

with endates of active methylene 
eotnpoimds, 899 

with <»gan«iietaliic compounds, 
889-900 

ttudsulfanaiee from, 907 
Sulfonyi interahange, 911 
w-Sulfoayl ketones, 885 
Sulfoxide groig>, activating effect, 885 
Sulfoxides, 870-873 
ciftram iscmecHm, 483-484 
general chameteristkiB, 870 
optical iscmerism, 421-422 
preparation^ by Friedd-Orafts reac- 
ti<m, 87l 

by hydrdyais of dfhaKdes of sulfides. 


Sulfur, rsaetimi with Qn^purd nogeot^* 
fi07-4»S 

Sulfur analogs of oarbrauo ad^ 988-939 
Sulfur ohlorida, addition to etl^lesuo 
linkage 641 

as chlorinating agent, 44 
reaction with d^ns, 855-860 
Sulfur ecmpouDds, optical isoamrism, 
419-423 

oiganio, ^5-943; see cUeo under 
indundml members 

reasons for differences from oxygen 
compounds, 838 

Sulfuivoontaining fimctionaJ groups, 837 
Sulfur dioxide, polymerization (A olefins 
by, 765-766 

reaction with Grignard reagent, 605 
reaction with olefins, 875-876 
Sulfuric add, addition to ethylenic 
linkage, 639-640 

Sulfuric esters of carbohydrates, 1609 
Superpolyesters, preparation, 711 
Supported palladium catalysto, 786-787 
Supported platinum catalysts, 785 
Suprasterols, 1410-1411 
Surface tendon, 1739-1741 
Sweetening of gasohne, 852 
Symbols, etectronic, 1834 
Symmetry, alternating axis of, 320 
plane of, 224 
point of, 318, 327 

S]/nr- and onff-oximes, interconversion of, 
472 

Syn-anti isomerism, tee CitArunt isomer- 
ism 

Synthetic polymers, 701-778 
Synthetic rubber, 769-765 
Syringidixi, 1318-1319 
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shktdne, 873 
agatthi, 872-373 
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870-871 j Tadiyeterol, 1404 

871 j Tannins, 1609 

Tantalum oompounda, 561 
TaroonineB, 1290 
Tartaric acida, 232-233 
dtxlro, 232, 1645 
leeo,/^ 
tneto, 282 
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Tsitaiio adds, prc^erties, 233 
raoemic, 232 
Taurine, ^ 

Tautconerie effect, leBOnanoe, 1077 
Tautomerism, 219 
dectronie theory, 1034-1040 
fructose, 1586 
glucose, 1686 
keto-euol, 684 
three-carbon, 1041-1044 
Tellurium, reaction with Grignard re- 
agent, 608 

Tellurium compounds, optical isomer- 
ism, 424 
Teloidine,.1198 

Terephthalic acid, reduction, 144 
Terpenes, 70-73 
rearrangements, 901 

Terphenyls, cis-irans isomerism, 486-487 
optical isomerism, 370-373 
Tertiary amines, attempts to resolve, 
403-404 
coupling, 196 

Testosterone, 1408, 1502, 1603-1604, 
1509 

cw-Testoeterone, 1504 
Testosterone propionate, 1610 
Tetraarylallyis, 607 
sym-Tetraaryldialkylethanes, 606 
sym-Tetraarylethanes, 604 
Tetraaryihydrazines, dissociation, 616- 
617 

Tetraarylsuccinonitriles, 611 
Tetraethyllead, 660, 677 
Tetrahedral bond orbitals, 1954-1966 
Tetrahedral carbon atom, 1952-1956 
evidence for, 222-223 
Tetrahedral dements, 222 
Tetrahydroberberine, 1216 
0 o-Tetrahydro-^<naphthQ]s, relation to 
sterols, 1378, 1379 
Tetrahydroneoeigosterol, 1476, 1478 
Tetrabydroetiychnine, 1237 
Tetrahydnncyeholane, 1426 
Tetiahydroxynofsterochdanio acid, 1424 
Tetmlin, 157 
Tt^ralds, 146 

Tstramethylammomam, metalhc prop- 
elrties, 668 
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Tetramethylfmcttqqmmoee, 1694r45l$S 
Tetramethylgluoduianaee, estahlidt- 
ment of structare, 1662 
Tetramethylglucopyranoee, 1654-1666 
7 -Tetramethy]gluco6e, establidiment d 
structure, 1560 

l,l,2,2-Tetraphenylcyclopr{^)ane, stabil- 
ity, 603 

si^Tetraphenyldibenzoylethane, 610 
Tetrapbenylethyiene, bromination, 142 
Tetraphenylhydrazine, half life, 617 
5,6,11,12-Tetrapkenylnaphthacene, 603 
Tetraphenylsuecinonitriles, dissociation, 
774 

Tetrasulfides, 864 

Tetrazoles, formation from diazides, 978 

Thallium comimunds, 568-669 

Thebaine, 1221, 1226 

Thebainone, 1226 

Thebenine, 1225 

Theelin, gee Estrone 

Thedol, see Estriol 

Thermal decomposition, odlulose, 1699- 
1700 

free radicals in, 626 

Thermal polymerization, styrene, 744 
Thermodynamic properties, calculated 
from spectroscopic data, 1803- 
1804 

of organic compoxmds, 1794-1804 
Thermosetting, 732 
Thevetigenin, 1444 
Thevitin, 1453 

Thiazoles, preparation, 936-937 
Thide formula for b«izene, 127-128 
Tbide theory of partial valence, 666 
Tbio acid chlorides, pr^iaration, 935 
Thio adds, general characteristios, 029- 
030 

preparation, 030-931 
reactions, 936-936 
Thioaldehydes, 923-929 
frcan meth^ene halides and metal 
sulfides, 926 

general cbaractoistics, 023-024 
oxidation, 927 

pr^Miation from aldsfaydm 
hydrogm sulfide, 924-025 


pyrdysis, 928 
Vehime I, pages 1-1077; Volume n, pages 1079-1083. 
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with hmvj (n^ altB, 688 
Tyonat^tallom 810, 013 
HiioBinkba, ia<^aratioB, OSS'^SS 
reactioiis, 036-^087 
TlfibanliyibidBe, 035 
of gulfomie aoidB, Oil 
mooysaatea, 042 
Tyot^aiiie add, 030 
TbiotTsoogeo, 642 
addition to edkyieiiio tinkage, 638 
TidoBdm, IqrdidysiB, 843 
Thioethora, «e 0 Sul&ka 
Thiofcnnaldeliyde polymer, 760 
lUdEotoDea, 023-0^ aee alto Tluoaldo- 
' hydee 

Oom Imtonee and pboqdiarus peataaut 
fide, ffi26 

imparatitxi by FiiedelrCcafts reao- 
tioii,027 

TltidkaiB, 738-734, 760, 866 
TludcBiriMiDateB, 038 
T1ude8teiB,.Iv^)anition, 932-633 
nudhiotidiae. llfiO-llS? 
IbiotaulfoiuiteB, 905-013 
general cbaraeterisdce, 605 
bydralydi) 009 
ooddation, 010 
pceparatkin, 000-908 
from dieulfideB, 007 
from Bulfinic adds, 006 
from Bidfmijd halides, 907 
reactkms, 908^12 
wiiJi active metbykne omnpoands, 
910 

with Grigoard roa g c nte, 900 
with idmolB, 010 
with sdlfhydiyl conyminda, 008 
raduBthav 009 
straeton^ 912-615> 

Tlddtoi^eniB eatfeta, see Diuilaidftnates 
Hhanetl^filpedtoss, 1612 
Ilkneaiixu^^imB, ^ 

Thioa eatati ltnpa»t«», 088 
mmeo^ 080-040 

HikMtyiMntlWB, teaedon with driignard 


SiiUhydryl oomiKniiida 
additicm to idefioa, 8S0-881 
addOiora to tmaatorated ketoaea, 060 
preparation, 844-845 
by redoDtiaa at nilfo&yl ddmidea, 

from diasonium salts, 844-846 
reaotions, S4A-862 
mth alddtydes and ketones, 840 
with alkali, 846 
with carboxylic adds, 848-849 
with heavy metal ealta, 846-847 
w&h nitrSee, 851 

with organometallic compounds, 862 
with oxidising agents, 851-852 
With a,jS-UDBatumted cskrbimyl oom- 
. ^ pounds, 850 
71)^ sugaiB, 1612 
Thioniea, 938 
preparation, 040 
reactions, 940-941 

Thiouiethaoes, rates of fonnation, 1058- 
1060 

Thiuram disulfides, 939-940 
Thorpe reaction, synthesia of large car- 
bon rings, 88-89 

Tbiee-catbon tautomerism, equilibria 
uid rates, 1041-1044 
Three-dimensional mdeculee, formation, 
719-720 

Three-diirrengional polymers, 703, 714 
718-721 
solubility, 742 

Tfaree-deotron bond, 1060-1961 
Threonine, 1123-1124 
Tbujaketotte from ergoeterol, 1399 
Thyroxme, 1120-1130 
Tiffeneau reaotion, 1527 
Tigogenin, 1464, 1465 
Tigonin, 1466 
Tin compounds, 668-550 
cortical isomerism, 424r-426 
Tishchenko reaction, 640, 792 
Toad pdtons, 1440-1452 


^|^|^icDearlo^p£bion. 926 


idiyaiological potmay, 1463 
Tobacco alkaloidB, 1190-1108 
ToUtras oeQuloee formula, 1702 
p-TduMiesulfanateB, steroids, 1875 
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Telaenetetokearboi^o aoid, 1401. 1404. 
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Tosylatioii of e^abw, 16^1083 
TooMconl, 1411 
7'ni?i»4a%n.ti«i, 1026-1(B7 
Tra nmniwi iott of activating effeeta, 633 
1W9 

Traobe xvactkm, 1189 
Tiehalose, 1603 
Triad ankm tautiMneium, 1018 
Triad systems, 1037-1940 
tautinnaic, 1937 
Triarylhydrasyla, 617 
Triarylmethyl pooxides, rearmngemmit, 
975 

Triarylmethyla, 5S6-602 
addition roactions, 608-600 i 
amphoteric nature, 601 ' 

chemical properties, 606-602 . , >%' 
conduction of eieetrio eurrmit^jOGl’ 
dimerization, 507 i ' ' 

displacement teaetioos, 600 
disproportionation, 507 
preparation, 695-696 
quinoid structural 586-687 
reaction, with incHganic salte, 601 
with triaiTlniethyl halides, 600 
stability, 506-697 
test for, 598 
Tribenzoytmethane, 193 
Tricovalent carbanions, 988 
Trigonelline, 1186 

Trihydrozybufoetwoobidenic add, 1424 
3,5,7-Trihydrozyflavylium chloride, 1317 
TriUarin, 1466, 1467 
Trillin, 1456, 1457 
2,3,4rTrime&ylglucaae, 1602 
2,3,6>Trimethy]gjuoose, 1696-1696, 1697 
Tiioses, Btractuie, 1583-1684 
a-TricarynwthylNie, 760 
Triphonirtethylme, bromination, 170 
1,2,3-Triphenylindyl radical, 608 
IMpheigrlmethyl, 582-684 
color, 684 
disoewery, 683 
dectranio theory, 1020 
TrqAen^methylhydroxylamine, rear- 
rangement, 978 
TrlauUkta, 804 


600, 


Trivatent eariaon, 978 
Tropacooatne, 1202 
Tropane, 1200 
Tropeines, 1106 
Tropic add, 1104 
Tn^ne, 1197, 1199 
Tropigenine, 1108 
Tropilidene, 1196 
Trc^ine, 1194, 1200 
Tropinio acid, 1105 
Trc^inone, 1196, 1199, 1253 
Truxillines, 1202 
Tiyptamine, 1242, 1255 
Tryptophan, 1169-1164 
rdation to haiman, 1220 
Tsehugaeff-ZerewitinoS analysis, 
678 

Tuads, 939-940 
Tungsten compounds, 664 
Tunicin, 1667 

Twinned double bonds, 662-666 
Tyramine, 1127 
Tyroeinase, 1127 
Tyrosine, 1126-1129 
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Ulhnann reaction, organoocq>per com- 
pounds in, 644 

preparation of polyphenylene etiiers, 
736 

Ultra-violet absorpticoi spectra, aromatic 
compounds, 1786-1794 
efiect of solvent, 1784-1786 
relation to resonance, 1786-1794 
Univalent nitrogen compounds in rear- 
rangements, 077, 979, 980, 983 
Of^-Unsaturated acids, from rearrange- 
ment <d 0 , 7 "-unBaturated adds, 684 
/), 7 '-UnBaturated acids, rearrangemwt to 
a,^-unsaturated adds, 684 
fz, 6 -UnBatuTated carbonyl ccenpoonds, 
addition of bmizene, 676 
addition of diphenyiketene, 677 
addition of halogen adds, 676 
1,4-addition of hydrogen, 677 ' 
addition of malmrio ester, 679 
electronic theory, 1919-1922 
oxidation, 676 
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Bon-tonunal oumukted, SOS 
with tarthinal camuktaid, 505 
UaattamUon, and oonjngation, 631- 
700 

eSeet on moleeular lebaetian, 17S1 
TTmoe darnthres, 1496 
UnnodKol, 1406 
TTnnotriol, 1406 
TTtaiuiiiii DaxBpaande, 664 
Urea, WfiUer eyntbeeie, 967 
l&m derivatives, reairangement, %1 
Urea4(»inaldehyde pdymeni, 727-730 
Urease, 1140 
Urocanio acid, 116B 
Uropocidiyrios, 1289 
UoadosozyclKdic add, 1415 
UaariKanin, 1432, 1433, 1444 
Uaarin, 14^ 


Valenoe, etectnoic <»noqi>t, 1822-1641 
partial, 128 

types in oiteoeKi, 1834 
YaleiieedMjQd foittniias, 1001 
Yi^doe4>oiid msthod Ipr treatment of 
ciectroDiottrimtanB, 1066 
YalBBoe' nqidremmis of aocaal alkyl 
8roops,fiff7 

YslsBBin of arrange- 

i«nimf4, 2^-222 

VaiwdiBW oomptwada, 561 
T^MSidMae iaofBimliduB, 997 
YMidraa, las&'istpioss 


Ykiyla«B^teD8^6iS 
additioa of hydrogen eUorida, 1002 
l^nytcariMttofa polynw, 760 
Yinyl eMoride, additioa of ^drogea 
fluoride^ 047 

Viiqd eaten, i^yiiieriaatim], 753-756 
Yiojd ether pdymer, 756 
Vinyl group in ohkiroidiyll, 1806-1306 
Vinylitee, 767, 768 

Vinyl methyl eth», rearrangement, 974 
Vinylogous syatema, 1009 
Vinylogy, 638, 1909, 1924 
17-ViayiteBto(tterone, 1524 
Viseoee, tee Oelluloae xanthate 
YiBooaity. 1747-1749 
ct alkyl fluorides, 051 
Yieeasity equation (d Siaudinger, 747, 
1707 

Viscoeity etabilieer, 726 
Viecaeity-BtaUe polymers, 725 
Vieible absorption spectra, 1763-1704 
aromatic compounds, 1786-1704 
idation to lesonanoe, 1786-1704 
Yitamin 0,1633-1838 
Vitamin D, 1405-1411 
history, 1406-1406 

structure and antiracbitic activity, 
1411 

Vitamin Di, 1405 
Vitemin Dj, 1406-1406, 1407-1408 
isdatioD, 1406 
propertiee, 1405-1406 
tnmsformation producte, 1408, 1410 
Vitamin Di, 1406-1407 
Vitamin D4, 1406 
Vitamin Ki bydroquinone, 153 
Vomkane, 1242-1243 
von Auweta^ta rule, 1373, 1403, 1504 
von Braun degndatiems, 1174-1175 
Vnlcaniaation of rubber by oiganomet^- 
lio oompounds, 578 

W 

Wagner-Meenrein tranaformatioai, 1012 
Wagner nanangement, 08, 900, 1000, 
1010 

Walden invanion, 284-281, 967. 1015 
udonic reagBDta, rearward attaek, 278 
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WaldeB iaToeion, cbdaatool, 1375-1377 
oot^giuation, ^Molute, 267 
by Boys Mjuation, 267 
rototary dupetsion and, 26S-269 
effect of temperature, 266 
in sugar derivatives, 1608, 1614 
mrebaaiam, 26^281 
studies with radioaetive isotopes, 
272-273 

nature of oompouDds, 266 
nature of reagent, 266 
nature of solvent, 266 
Wallach d^radation, ring contraction 
by, 99 

Weerman degradation of sugars, 1641 
Wielond degradarion, see Barbier-Wie- 
land degradation 

Williamson synthesis, methylation of 
sugars, 1594 

Wintersteiner’s compound, A, 1514 
D, 1616, 1617 
F, 1620 

Wohl degradation of sugus, 1640 
Wdhte's synthesia of urea, 967 
Wolff-Kisbner reduction, 644, 1363, 
1390, 1438, 1466 

Wolff rearrangement, 1014, 1016, 1024 
Wurster dye, 620 

Wurts-Fittig reaction, 608, 639-642, 644 
mechanism, 622-623 
Wurts reaction, cycliaatkm by, 74-76 

X 

Xanthatss, 939 

in prqtaration of thiophemda, 844-846 


x-tay dilltuite studies, 1762-1769 
armnatie omupoun^ 1764 
benaeiM, 123 

biphenyl isom^am, 351-352 
odhilose, 1709-1716 
eis-trone isomere, 452 
bj^roaarbcm, 1763 
use, 1762 

o-Xyleoe, resonance in, 207 
Xylenes, phyrical constants, 1723 
os-o-Xyl^l, 138 

d-Xylomethylose, preparatbn, 1632 
Xylose, fermentation 1662 

Y 

Yobyrine, 1234 
Yofaimbic acid, 1234 
Yohimbine, 1234-1236 
Yohimbol, 1234 
Yttrium compounds, 554 


Z 

Zemplfo deipradatkm of sugars, 1640 
Zerewitinoff analyris, 600, 678 
Zinc oonqxninds, see Organosinc a 
pounds 

opticai Homernm, 433-433 
Zirconium compounds, 657 
Zoasterols, 1392-1396 
Zwitterion, 1088 
Zymosterol, 1399 
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Paper No. 


Maximum Marks 

Marks Obtained 


Microeconomics 

50 

47 


Macroeconomics 

50 

42 

Vlll 

(Main) 

Economic History 
of India 
(1857-1947) 

50 

36 

IX 

(Main) 

India’s Economic 
Development since 
1947 

100 

61 

X 

(Subsidiary) 

Linear Algebra and 
Calculus 

50 

42 

XI 

(Subsidiary) 

Symbolic Logic 

50 

45 


ToUl 

350 

273 


Pan HI: 


Paper No. 


Maximum Marks 

Marks Obtained 



50 


XIII 

(Main) 

Development 
Theory and 
Experience 

100 




50 


XV 

(Main) 

Topics in 
Macroeconomics 

50 


XVI 

(Main) 


50 


XVII 

(Main) 

International 

Economics 

50 



Total 

350 



Over the three-year degree course, Skaod Goel has obtained an aggregate of 73.69 % and 
secured a First Division*. The medium of instruction has been English throughout. 


*Explanation of the Grading System: 

The University of Delhi Examination system does not have a policy of Grade Point Average 
(GPA). However, successful candidates are classified on the basis of their performance in 
Part I, II, and III as per the following: 

• First Division: 60% and above in aggregate. 

• Second Division: 50% and above, but below 60% in aggregate. 

• Third Division: 40% and above, but below 50% in aggregate. 

The minimum marks required to pass an examination is 40% 
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